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Abstract

During the last fifty years, the scientific community has dealt with the prob-
lem of designing humanoid robots, with the goal of creating artificial
machines flexible enough to master any task performed by a human. A
prerequisite for such generic machines would be the ability to control the
forces that robots exchange with the environment, in addition to their own
motion. These requirements imply that any controller of a humanoid robot
requires an implicit or explicit model for the robot’s dynamics, i.e. the
laws describing the relation between the robot motion and the forces applied
on itself, being either the external forces that the robot exchange with the
environment or the forces provided by its own motors. Additionally, any
time-variant quantity present in these models need to be perceived by the
humanoid robot. If a quantity is not directly measured by a sensor, it needs
to be estimated using the available measurements of different quantities
and the dynamical models that relate them. Both the dynamics models and
the sensor models are typically not perfectly known, and need to be identi-
fied from measured data and using a set of a-priori hypothesis. This thesis
focuses on addressing the problems of modelling, estimation and identifica-
tion of humanoid robots, focusing in particular to the specific characteristics
and sensor set of the iCub humanoid robot.
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Chapter 1

Introduction

1.1 iCub Humanoid Robot

The main robotic experimental platform used in this thesis is the iCub robot,
developed by the :Cub Facility at the [talian Institute of Technology. It is
a child-sized humanoid robot originally developed by the RobotCub Euro-
pean Project for research in embodied cognition [Sandini et al., 2004]. Since
its initial release in 2006, the iCub has been continuously updated with
improvements and new features. iCub’s copies it have been distributed to
more then 30 partners institution in Europe, Asia and United States. As
the improvements are continuously released and integrated into the differ-
ent iCub’s, all the copies of iCub have different features, depending on their
release date, the maintenance’s updates performed during the years and
specific customization of each iCub. In the following we discuss the charac-
teristic relevant to this thesis, that apply to the latest “standard” version
of iCub, informally referenced hereafter as iCub 2.5, as of the beginning of
2017.

The iCub is a 53 degrees-of-freedom (DOF) humanoid robot. The DOFs
are distributed as in the following: 6 for each leg, 3 for the torso, 6 for the
head and eyes, 7 for each arm and 9 for each hand. One additional servo
motor is used to open and close the eye-lids. In this thesis we consider only
a subset of 32 DOFs (legs, torso, arms and neck) that are actuated with
Brushless DC electric motor (BLDC) with an Harmonic Drive transmission,
making them suitable for joint torque control. More details on the actuation
and mechanics of the iCub 2.5 can be found in [Parmiggiani et al., 2012].



Fig. 1.1 The iCub version 2.5, balancing itself on one foot thanks to contact
forces control.

One of the research goals of the iCub project is to endow humanoids
with advanced physical interaction capabilities. This is motivated by the
idea that future robots will be required to physically interact with the en-
vironment and, in the long run, with humans. A key requirement for this
interaction control is the capability to measure and control the forces that a
robot is exchanging with its environment, i.e. contact forces control. While
in traditional industrial applications this is achieved by by placing a six-
axis force-torque sensor between the robot and the environment, this is not
feasible in humanoid robotics, in which the contact location is typically not
known a-priori. To overcome this limitations, a unique set of dynamics-



related sensors have been added during the years to the iCub.

Fig. 1.2 Distribution of the six embedded six-axis force-torque sensors
(green) available in iCub 2.5 .

The main force sensors available on the iCub are six internal six-axis
force-torque sensors. Four of them are mounted at the base of each limb
while two of them are mounted in feet right below the ankles. The locations
of these sensors are highlighted in Figure 1.2. The placement of these sensors
was dictated by practical reasons, as the hand structure would have not been
not able to support a force-torque sensor mounted in it, but also to enable
estimation of internal joint torques and external force-torque, as described
in [Fumagalli et al., 2010b] for a single limb and in Chapter 4 of this thesis
for the whole-body case.

While internal force-torque sensors are able to measure force-torque due
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Fig. 1.3 Distribution of the tactile sensors on iCub 2.5.

to a combination of internal dynamics and of contact wrenches, they are in
general unable to measure the location of a contact force, or its distribution
over a contact surface. For addressing these concerns the iCub body has
been covered with a distributed set of capacitive elements acting as tactile
sensors [Maiolino et al., 2013]. The entire sensor network acts as an “artifi-
cial skin”, constituted by a sandwich of different flexible fabrics mounted on
top of a flexible Printed Circuit Board (PCB), so that the entire structure
can be conformed on surfaces of different curvatures. The majority of iCub
2.5 external surface has been covered by this “skin”, as shown by Figure 1.3.



Fig. 1.4 Distribution of the inertial sensors i.e. gyroscopes (left) and ac-
celerometers (right) in iCub 2.5 .

To read the distributed tactile sensors, the iCub has been equipped with
distributed network of dedicated electronic boards. Remarkably, this boards
are equipped with a 3 Degree-of-Freedom (DOF's) accelerometer. Similarly,
several motor control boards are distributed in the robot structure, and each
motor control board is equipped with both a 3 DOF's accelerometer and a 3
DOFs gyroscops. Furthermore, an full-fledged Inertial Measurement Unit,
equipped with a 3 DOFs magnetometer, accelerometer and gyroscope is
mounted on the head of the robot. These arrangements, shown in Figure 1.4
provides the iCub with a vast amount of distributed inertial sensing, that
has been exploited for fine calibration [Guedelha et al., 2016].

These sensors form the basis for the use of the estimation and identifi-
cation algorithms presented in the thesis, that are essential technologies to
enable interaction force control. To describe the presented algorithms, we
need to provide a solid background in multibody dynamics, that will be also
presented in the thesis.



1.2 Thesis Organization

The following is a brief summary of the organization of the thesis. At the
beginning of each chapter a discussion of the contribution with respect to
the state of art of the specific chapter is given.

1.2.1 Modelling

This thesis includes in the Chapters 2, 3 a self-contained derivation of the
multi body dynamics and in Appendix A its connection with Lie Groups
theory. Particular focus is placed on the role of the base link in free-floating
dynamics, and in the different representation of base-related quantities that
are used in literature. This chapters form the theoretical basis for the rest
of the thesis, devoted to estimation and identification of humanoid robot
dynamics.

1.2.2 Estimation

Chapter 4 describes the algorithms used for the estimation of external forces
and internal joint torques using internal six-axis force-torque sensors, dis-
tributed inertial sensing and a distributed tactile system, that are the set
of sensors available on the iCub robot, as discussed in Section 1.1. This
part is mainly a generalization of already existing results [Fumagalli et al.,
2010c, Ivaldi et al., 2011, Fumagalli et al., 2012, Del Prete et al., 2012] to
the whole-body case.

1.2.3 Identification

The main contribution of Chapter 5 are two new algorithms for calibration
of six-axis force-torque sensors that can be performed in situ, i.e., without
removing the sensor from the hosting system. These algorithms exploit the
specific geometric of the gravity force-torque when expressed in the sensor
frame.

Chapter 6 introduces the concept of the identification of the inertial
parameters of a single rigid body. The main contribution of this chapter
is the definition of a new condition, the fully physical consistency for a set
of inertial parameters to determine if they can be generated by a physical
rigid body. The proposed condition ensure both the positive definiteness
and the triangular inequality of 3D inertia matrices as opposed to existing
techniques in which the triangular inequality constraint is ignored.



Chapter 7 generalize the identification problem to the case of a system
compose by multiple rigid bodies, with particualr attention of the relations
between the identifiability subspaces of the regressor associated with the
different set of sensors. The main contribution of this chapter is the adap-
tation of the existing techniques for inertial parameters identification on
humanoids to the specific set of sensors that is available on the iCub robot.
While most existing techniques [Ayusawa et al., 2014, Ogawa et al., 2014,
Mistry et al., 2009] assume that either the contact forces or the joint torques
measurement are available, in the iCub we only have a distributed tacticle
system and a internal six-axis force-torque sensors. We propose a way of
using internal six-axis force-torque sensor for estimation, and furthermore
we demonstrate that the set of inertial parameters that are identifiable from
the internal six-axis force-torque sensors are a superset of the one that we
need to run the estimation algorithms presented in Chapter 4.

1.3 Technological Outcome

The modelling formalism and the estimation algorithms presented in this
thesis enabled the development of an whole-body controller on the iCub
robot, that has been used to showcase highly dynamical balancing [Pucci
et al., 2016b] and has even permitted to the iCub to take part to an Italian
Talent show as a participant [Talent, 2016]. The interested reader is referred
to [Nori et al., 2015] for an integration paper describing the overall whole-
body control architecture.

Furthermore, all the algorithms described in this thesis have been imple-
mented in the open source C++ library iDynTree [Traversaro et al., 2017].
The iDynTree is complete with documentation for installing it and using it.
Furthermore, the library is equipped with bindings with MATLAB, Octave,
Python, Lua and Java to enable its use in a wide set of platforms, fulfilling
all the disparate needs that may arise in a research environment.



Chapter 2

Rigid Body

In this chapter we introduce the dynamics of a rigid body. Existing (robot-
related) literature on rigid body dynamics can be divided into two main
categories. The first category contains work that use almost exclusively spa-
tial 6D velocities as defined in Geometrical Mechanics such as [Featherstone,
2008, Featherstone and Orin, 2016, Jain, 2010, Murray et al., 1994]. The sec-
ond category include work that use the 6D velocities that are a combination
of the “classical” linear velocity and the angular velocity of the body [Spong
et al., 2006, Siciliano et al., 2008, Chiaverini et al., 2016]. The connec-
tion between these two representations is well known to robotics researcher
[Murray et al., 1994, Bruyninckx and De Schutter, 1996, Englsberger, 2016],
but it was never explored in depth. Furthermore, it is a common source of
confusion for newcomers to the field. In this chapter we treat all the com-
monly used representation of velocity, explaining the respective advantages
and limitations, and the effect of choosing one representation or another on
dynamics.

Furthermor, while most robotics textbooks on dynamics introduce the
Newton-Fuler equations as a given, we prefer to derive them from the basic
principle of Lagrangian Dynamics. This methodology is consistent with
what is typically done for fixed-based robots [Siciliano et al., 2008, Spong
et al., 2006], and is useful to get an insight on the structure of Newton-
Euler equations and why they are different from the classical Euler-Lagrange
equations that describe the evolution of a system whose configuration space
is a vector space.

The goal of this chapter is two-folded: while introducing the kinematics
and dynamics of the rigid body, we also introduce a notation for describing
kinematics and dynamics 6D quantities, as well as their coordinate trans-



formations.

The goal of this newly introduced notation is to be compact, not am-
biguous, and in harmony with Lie Group formalism. The notation borrows
from the well known notation introduced in [Featherstone, 2008], which is
also used, with slight modifications, in [Featherstone and Orin, 2016]. This
notation is, unfortunately, not fully in accordance with Lie group formal-
ism used in, e.g., [Murray et al., 1994, Park et al., 1995, Kim, 2012], that is,
however, less compact than [Featherstone, 2008], leading to long expressions
when several rigid bodies are present. This chapter presents the frames nota-
tion, while the connection between the notation and the Lie group formalism
is presented in Appendix A.

2.1 Overview of the notation

Remark 2.1. Every chapter will begin with an overview of the notation used
in that Chapter. Frequently, the notation used in a given chapter will be a
simplified version of the full notation introduced in this chapter, to avoid
overloading the text with an extremly complex notation. In some cases, the
simplified notation can only be introduced for a single section. In that case,
an overview of the simplified notation used in that section will open the
section.



[ Notation used through the thesis i

AB coordinate frames

P an arbitrary point

op origin of B

[A] orientation frame associated to A

0 B[A] frame with origin op and orientation [A]

Ap coordinates of p w.r.t. to A

Aop coordinates of og w.r.t. to 4

AHp homogeneous transformation from B to A

AXp velocity transformation from B to A

Cy AB 6D velocity expressing the velocity of B wrt
to A written in C

CVQ,B 4 x 4 matrix representation of CVA,B

Cy A,BX 6 x 6 matrix representation of the 6D velocity
cross product

Cy ABxX" 6 x 6 matrix representation of the dual cross
product

i coordinates of the 6D force f w.r.t. B

aXB 6D force transformation from B to A

< gf, Bv A, B> pairing between 6D force and velocity

ML 6 x 6 inertia tensor of link (=rigid body) L

| expressed with respect to frame B |

2.2 Math preliminaries

The following notation is used throughout the thesis.

e The set of real numbers is denoted by R. Let w and v be two n-
dimensional column vectors of real numbers, i.e. u,v € R", then their
inner product is denoted as v’ v, with “I” the transpose operator.

e The identity matrix of dimension n is denoted I, € R™*"™; the zero
column vector of dimension n is denoted 0,, € R™; the zero matrix of
dimension n x m is denoted 0,5, € R™"*™,

e The set SO(3) is the set of R3*3 orthogonal matrices with determinant
equal to one, namely

SO3):={RecR¥3 | RTR=1I5, det(R) =1}. (2.1)

10



The set so(3), read little s0(3), is the set of 3 x 3 skew-symmetric
matrices,

s0(3):={SeR¥>3|sT=_9}. (2.2)

The set SE(3) is defined as

SE(3) := { [oig 117] cRY™ | ReSO®3),pe R3}. (2.3)

The set se(3) is defined as

se¢(3) := { [Oig 8] eR¥™ | Qeso(3),ve R3}. (2.4)

Given the vector w = (z;y; 2) € R3, we define w” (read w hat) as the
3 x 3 skew-symmetric matrix

A

T 0 —=z Y
w'=|y| ==| z 0 —z| €s0(3). (2.5)
z —y T 0

Given the skew-symmetric matriz W = w”, we define W € R3 (read
W wvee) as

0 —=z Y v x
WY=1| 2 0 —z| = |yl eR (2.6)
-y oz 0 z

Clearly, the vee operator is the inverse of the hat operator.

Given a vector v = (v;w) € R, v and w € R3, we define

VA = [U}/\;__ {LUA g] € se(3). (2.7)

w O1x3

Similarly to what was done for vectors in R? few lines above, we define
the vee operator as the inverse of the hat operator such that

[“’A g]v = m =v eRS. (2.8)

01x3

Given A € R™™ and B € RP*Y, we denote with ® the Kronecker
product A ® B € R"P*™4,

11



e Given X € R™*P vec(X) € R™ denotes the column vector obtained
by stacking the columns of the matrix X. In view of the definition of
vec(+), it follows that

vec(AXB) = (BT ® A) vec(X). (2.9)

2.3 Frame kinematics

2.3.1 Rigid Body Assumption

A rigid body is an idealization of a physical object, in which the deformation
internal to the object are assumed to be negligible, i.e. the object is assumed
to be nondeformable. While in the real physical world every object that is
interacting with the external world is subject to a certain degree of deforma-
tion, in the study of certain mechanism such a humanoid robots, the rigid
body assumption is useful as it permits to develop model that capture the
dominant dynamics of the analyzed system, disregarding any aspect related
to the internal compression and decompression of the object composing the
system.

The kinematics of a rigid body are typically described by attaching to
the rigid body a frame, defined as the combination of a point (called origin)
and an orientation frame in the 3D space [De Laet et al., 2013, Spong et al.,
2006]. For this reason in this section we will describe the kinematics of
frames, and this will serve also for describing the kinematics of any rigid
body.

2.3.2 Points and coordinate frames

We typically employ a capital letter to indicate a frame. Given a frame
A, we will indicate with o4 its origin and with [A] its orientation frame.
Formally, we write this as A = (o4, [4]).

Frames can be time varying. They can be used, e.g., to describe the
position and orientation in space of a rigid body as time evolves. They are
also used to expressed a coordinate system for a 6D force exchanged by two
bodies or used to define a coordinate system to describe a robot task (like
a frame attached to the center of mass and oriented as the inertial frame).

Newton’s mechanics defines the set of Inertial frames. In this document,
we usually indicate one inertial frame as with A (the Absolute frame).
As common practice, for robots operating near the Earth surface, we will
assume the frame A to be fixed to the world’s surface, disregarding non-
inertial effects due to the Earth’s motion.

12



Coordinate vector of a point

Given a point p, its coordinates with respect to a frame A = (04, [A]) are
collected in the coordinate vector “p. The coordinate vector “p represents
the coordinates of the 3D geometric vector 70 .,p connecting the origin of
frame A with the point p, pointing towards p, expressed in the orientation
frame [A], that is

— —
TOA}p.:UA

A . |—= — 3

D= |Toup-yal ERY, (2.10)
— =
Togp %A

with - denoting the scalar product between two vectors and T A, Z A F A,

the unit vectors defining the orientation frame [A].

Change of orientation frame

Given two frames A and B, we will employ the notation
ARp € SO(3) (2.11)

to denote the coordinate transformation from frame B to frame A. The
coordinate transformation “Rp only depends on the relative orientation
between the orientation frames [A] and [B], irrespectively of the position of
the origins o4 and op.

Homogeneous transformation

To describe the position and orientation of a frame B with respect to another
frame A, we employ the 4 x 4 homogeneous matrix
|:ARB AOB:|

A
Hp =
B O1><3 1

(2.12)
Given a point p, the homogeneous transformation matrix 4 Hp can be also
used to map the coordinate vector “p to Bp as follows. Let 4p and Bp
denote the homogenous representation of “p and Ep, respectively. That
is, let 4p := (4p;1) € R* and likewise for ®p (note that ; indicates row
concatenation). Then

4p="Hp"p, (2.13)

which is the matrix form of Ap = ARgE P+ Aopg. We refer the interested
readers to [Murray et al., 1994, Chapter 2] for further details on homoge-
neous representation of rigid transformations.
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2.3.3 6D Velocity vectors
In the following, given a point p and a frame A, we define

Ap = % (“p). (2.14)

In particular, when p is the origin of a frame, e.g., p = op, we have

A, _d oy
o5= 4 (

It is important to note that, by itself, expressions like 65 or p have no
meaning. Similarly to (2.14), we also define

05) .

. d
A A
Rp = — R 2.15
B= o (“Rp) (2.15)
and
. d AR )
A A B B
Hp = — (“Hpg) = . 2.1
B dt ( B) |:01><3 0 :| (2.16)

The relative velocity between a frame B with respect to a frame A can be
represented by the time derivative of the homogenous matrix A Hg € SE(3).
A more compact representation of AHp can be obtained multiplying it by
the inverse of AHp on the left or on the right. In both cases, the result is
an element of the se(3) that will be called a 6D velocity. Premultipliying on
the left, one obtains

Ap-1Afr, [ARE —ARgAOB] [ARB AO'B]
B O1x3 1 O1x3 0
ApTAp  ARTA:
_ | B R “RpTop| (2.17)
O1x3 0

Note that AREARB appearing on the right hand side of (2.17) is skew
symmetric. Define BUA,B and BwA7B € R? so that

Byap:="REAop, (2.18)

Bw) g ="RL Rp. (2.19)

The left trivialized velocity of frame B with respect to frame A is

B
v
Byap = [Bwii e RS. (2.20)
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By construction,
Byl p="Hp' Hp. (2.21)

Note the slight abuse of notation in using the hat operator A in (2.19)
and (2.21) that maps a vector into its corresponding matrix representation
(respectively, from R3 to R3*3 using (2.5) in (2.19) and from R® to R**4
using (2.7) in (2.21)).

Specularly to what was done in (2.17), right multiplying 4 Hp by the inverse
of AHp leads to

AF AR = ARp “op| [ARL —ARLAop
B 01><3 0 O1><3 1
_ |:ARBAR£ AO'B _ ARBAREAOB:| (2 22)
01><3 0
Define AUAB and AwA,B € R3 as
A’UA7B = AOB — ARBAREAOB (2.23)
Aw) p = *Rp*RE. (2.24)

The right trivialized velocity of B with respect to A is then defined as

A
A VA,B 6
v = Tl e R 2.25
AB [AW&B} (2.25)
By construction,
Avip="Hp Hy". (2.26)

The right trivialized and left trivialized representation of the velocity
between two frames are general concepts, that can be applied to any pair of
frames in the 3D space. When the frame A is an inertial frame and the B
frame is rigidly attached to a body, as we will assume in this chapter, these
velocities representations are also called inertial velocity and body velocity.

The mapping between Ay A,B and BVA B is trivial to express in matrix
form, as it follows directly from their definitions that:

AN A B A Agrr—1
VA7B: HB VA,B HB

From this expression, it is clear that the “frame transformation” mapping
between BVA7B and AVA’B is a linear mapping. By writing the 6D velocity
in linear form:

Avap="Xp"van

)

15



with:

(2.27)

A A NA
AXp=4Xp (AHB) = [ fis op RB]

03x3  “Rp.

This is usually called the adjoint matrix.

Remark 2.2. Through out this thesis, given a quantity such as position,
velocity, etc., we define the dot operator (—) as the total time derivative of
the quantity. Hence, given a 6D velocity v expressed in a frame C, the
symbol €5 means
d
c. ¢ ¢
=2 ().
While this may be obvious and pedantic, let us recall that the dot operator
(=) is defined differently in some of the robotics dynamics literature. For
instance, given a 6D velocity €v expressed in a frame C, [Featherstone,
2008, Section 2.10] defines €< as
d
C A
X
a7 (),
where A is an arbitrary (and often hidden) inertial frame with respect to
(w.r.t.) which the derivative is computed.

2.3.4 Adjoint matrix as a change of frame

The 6 x 6 transform is ubiquous in multibody dynamics, and it is usually
interpreted as the “change of frame” in which the frame velocity is expressed.
Let’s assume that we have a frame B that is rigidly attached to the frame
B,ie. :
B

Hg=0 (2.28)
Noting that AHB = AHBBHB, AHB = AHBBHB, we can see that the map-
ping between the left-trivialized velocity of frame B and the left trivialized

velocity of frame B is given by:

B_ A Arr—1A7T
Vig="H;""Hs= (2.29)

=PH_ PV pPHp. (2.30)

From which we have:
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Similarly, if we imagine to define a new frame A rigidly attached to our
previous frame A, we will have:

Aap=2Xaap. (2.31)

This gives us a nice “interpretation” of the linear component of the
left-trivialized velocity as the velocity of the origin of a frame fixed to the
frame B that is instantaneously coincident with the frame A, that has been
popularized by [Featherstone, 2008].

Mixed velocity

In the previous subsection we introduce the left-trivialized and right-trivialized
velocity of a frame B with respect to an frame A. In the next chapter we
will further discuss their use and properties, but for the moment we want
to highlight a “peculiar” feature of both this velocities representation: in
neither cases the linear part of the velocity is the derivative of the position
vector of the origin of the frame B, i.e. 405 . On the other hand, it is quite
common for undergraduate physics textbooks or even in robotics [Siciliano
et al., 2008] to represent the velocity of a rigid body as a 6D vector given
by:

[ AZZBB] (2.32)

To simplify the description of the algorithms and concepts available in this
thesis, we need a way to express this quantity coherently with the rest of
the concepts introduced until know.

Fortunately this can be easily interpreted as a left or right trivialized
velocity associated with the appropriate change of frame. In particularly,
we introduce the frame B[A] := (op, [A]), that is, the frame with the same
origin of B and same orientation of A. We have then:

A
B[A]HB — |: RB 03><1:| 7 (233)

and by expressing the velocity va p in B[A], we get:

AR 0 BRa%op] [ 4oB
0 APLB:| [ Buan } B |:AWA,B:| '

(2.34)

In [Bruyninckx and De Schutter, 1996, Murray et al., 1994, Englsberger,

2016], (2.34) is referred to as the hybrid velocity of frame B with respect to

Bldly, p = PAXEBv s p = [
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frame A. To avoid confusion with hybrid systems theory, we will call (2.34)
the mized velocity of frame B with respect to frame A (mized as it has both
the flavors of a left trivialized velocity for the linear velocity part and of a
right trivialized velocity for the angular velocity part).

Table 2.1 collects the definitions of the different representation of the
6D velocity, and the conversion formulas to convert one representation into
another.

2.4 Frame acceleration

The acceleration of a frame (attached to a rigid body) is a quantity for
which the definition is far from being obvious, as already noted in literature
[Featherstone, 2001]. Before introducing the representation for a rigid body
acceleration most used in literature, and their properties, we will discuss the
cross product for 6D velocities, a useful operator to study the properties of
the different accelerations.

2.4.1 The cross product on R® (x)

Equation (2.21) can be rewritten as
AHp = HpPV) . (2.35)

By time differentiation of (2.27), it can be shown that a similar formula
holds for 4 Xz, namely, that

AXB = AXBBVA7B>< (2.36)

with BVAyBX defined as

B B

Wip Vip ] . (2.37)

B
VA BX = B, A
|: 03x3 WA B

We will refer to (2.37) as the matrix representation of the cross product on
RS,

Remark 2.3. The connection between the cross product on RS introduced
here and its equivalent concepts in the Lie group language is discussed in the
appendizx, in particular in Subsection A.2.2.
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Basic properties of the cross product

Equation (2.37) defines a cross product between vectors of R®, with the
classical anticommutative property

C C C C
VABX "VDE = —"VDE X "VAB- (238)

As a direct consequence of anticommutativity is

CVA7B X CVA7B = Ogx1- (2.39)

2.4.2 Acceleration representations and their relation

By direct derivation with respect to time of the left-trivialized, right-trivialized
and mixed 6D velocity, we obtain the respective accelerations, that are de-
scribed in detail in Table 2.2. All the conversions between the accelerations
are also detailed in Table 2.2, and make an extensive use of the 6D cross
product introduced in this section. Please remember that the definition of
the dot notaton (-) is clarified in Remark 2.2.

In the case that the frame A is an inertial frame, some alternative rep-
resentation of the acceleration between a frame B and the inertial frame A
are used in literature, that are described hereafter.

2.4.3 “Sensor” acceleration

We define the “sensor” acceleration as:

BIA]«

VAR = (2.40)

BR A
asp="Xp { ! OB}

WA,B

This acceleration is used for example in [Siciliano et al., 2008]. Its relation-
ship with inertial sensing will be discussed in Subsection 4.3.2.

2.4.4 “Proper” acceleration

It is widespread, in the literature on multibody dynamics applied to robotics,
to sometimes refer to a vector of the acceleration minus the gravitational
acceleration. The same symbols is sometime used to refer both to the accel-
eration with respect earth-fixed inertial frame and this acceleration minus
gravity. To avoid confusion, in this thesis we will always refer to this as
proper acceleration, as opposed to the coordinate acceleration, consistently
with the nomenclature used in relativity theory [Fraundorf, 1996].
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We define first the “proper” acceleration using the “sensor” representa-
tion, as:

a%’B ‘= QAB— [ (2.41)
Note that this is the acceleration that can be obtained by an inertial mea-
surement unit aligned with B, as the linear part of it is the output of a
linear accelerometer, and the angular part is the derivative of the output of
a gyroscope. This is thoroughly discussed in Section 4.3.2.

For all other accelerations, we define:

B A
Bag .= By [ Ra 9] , (2.42a)
O3x1
A_g._ A Ag
ad ="V — , (2.42b)
03x1
Ag
Blalyg . BlAly { } (2.43)
03x1

as respectively the left-trivialized, right-trivialized and mized proper accel-
eration. Note that all the conversion rules presented in Table 2.2 still hold
for proper acceleration in the presented form.

2.4.5 Illustrative Example: the Spinning Wheel

To see a concrete example of the definition just presented, we use a spinning
wheel, depicted in Figure 2.1. An inertial frame A is rigidly attached to the
ground, while there is a moving frame B attached to the external part of a
wheel of radius r spinning around the axis:

0
Aa=Ba=10
1

passing in the point oc. Furthermore, the system is affected by a uniform
gravitational field with the gravity acceleration vector, whose expression in
the A orientation is:

0
9= |—lgl

0

A

The location of the spinning wheel w.r.t. the inertial frame is given by the
angle 6. Assuming that for § = 0 the orientation of A and B coincide, we
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Fig. 2.1 Spinning wheel, with the gravity acceleration g, the inertial frame

A and the moving frame B at § = —7.
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can define the transform between A and B as (where we define H := 4Hp

and R := 4 Rp to avoid overloading the notation).

b |70 Ao+ BO[]  poo Z?ﬁ((g))
O1x3 1 ’ 0

Taking the derivatives w.r.t. to time, we have that:

fne,6) = | F09) R(e,e‘)[gw
L O1x3 0
o [—sin(f) — cos(6)
R(6,0) = | cos(f) —sin(6)
. 0 0
[0 —1 0]
RT@OR®O) = |1 0 086,
0 0 0
[0 -1 0]
RORT@O)= 1|1 0 0]6.
0 0 0

—sin(f) 0
cos(f) O
0 1

(2.44)

Using the definition of left-trivialized, right-trivialized and mixed veloc-
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ity summarized in Table 2.1 we then have:

e B[
VAB = =

BWA,B (RTR)V

A [*was]
VAB = |4 =

BIA]

[B[A}UAB]

VAB = B[A}wA B

24
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Similarly, for the accelerations defined in Table 2.2 we then have:

0
Byap= 8 0
0
1

[ [— cos(6)r 01" ] sin(0)r 0 —cos(0)r
—sin(@)r| — |0 “op —cos(@)r| — |0 — sin(6)r
. 0 1 i 0 1 0
AVA7B = 0 0+ 0
0 0
L 1 i L 0
[— cos(6)r] sin(6)r
—sin(0)r —cos(0)r
wicp-| 0 loc| O |
0 0
[—7] [ 0] [ —r6]
0 -r —r6?
0l |ol. 0
aas=|q 0+, 0 = 0
0 0 0
1] Lo L 0

2.5 Force-Torque covectors

In classical mechanics, the interaction between a rigid body and the enviro-
ment is described by interaction forces. While this forces can be described
as a system of forces acting on finite number of contact points it is common
to represent the effect of this interaction forces as a 6D force-torque vector,
in which the first three elements are the sum of all the contact forces, while
the last three coordinate are the sum of the moments of this forces with
respect to a given point in space. Similarly to the 6D velocity case, also
for the 6D force-torque can be said to be represented in different frames, in
which the origin of the frame is the point with respect to which the moment
is taken and the orientation is the one in which the forces and moments are
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expressed. In particular we indicate the coordinates of a 6D force f with
respect to frame B with

pf = [Bf] e RS. (2.45)

BT

Note that the frame B is simply used to indicate the coordinate frame with
respect to which the 6D force f is expressed in coordinates and there is no
necessity for the 6D force f to also be applied to, e.g., the rigid body (if any)
to which B is attached. Similarly to what we did for a 6D velocities, we can
define a linear map to change the coordinates of a 6D force from a frame B
to another frame A. This coordinate transformation is indicated with 4 X?
and written as

af = AXBptf. (2.46)

The mapping 4 X is actually induced by the velocity transformation (2.27)
(why this is the case will be explained below) and is related to ZX4 via the
definition

aXB.=Bx1T. (2.47)

It is important to realize that (2.47) is such to make the following identity
(of power) hold

(5f,Pvap) = (af,*van), (2.48)

where f can be interpreted as a 6D force applied to a rigid body to which
the moving frame B is rigidly attached and A as the absolute inertial frame.

2.5.1 The dual cross product on R (x*)

The time derivative of the 6D force coordinate transformation 4 X% has an
expression that is dual to velocity coordinate transformation 4 Xp given in
(2.36). Indeed, straightforward computations lead to obtain

AXB = 4 X BBy, px* (2.49)

where the (matrix representation of the) dual cross product x* is defined
by

B A (2.50)

A
Wa B 03x3 }
A .
VA,B ~WAB

B B
ok
VA7BX = |:B
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It is worth noting that (2.50) is obtained from (2.37) by simply transposing
this latter expression and taking the negative value of the result: a fact that
is also encoded in the symbol x*, where the overline sign has been chosen
to represent the minus sign and the star the transpose operation (more
formally, the adjoint of a linear map, typically indicated with a star). The
dual cross product (2.50) takes one 6D velocity and one 6D force and return
one 6D force (as opposed to the cross product (2.37) that takes as input two
6D velocity and return one 6D velocity); this is also the reason why the sub-
and superscripts in (2.49) makes sense: when AX P is applied to a 6D force
pf expressed in B, the dual cross product between Bv 4,5 and the 6D force
will return a 6D force expressed in B that can then be converted into a 6D
force expressed in A via 4 X B. It is also straighforward to prove that

AXBBy, px* = Ay, px*a XD (2.51)

Remark 2.4. The connection between the cross product on RS introduced
here and its equivalent concepts in the Lie group language is discussed in the
appendiz, in particular in Subsection A.2.3.

2.6 Rigid Body Dynamics
To discuss rigid body dynamics, we tipically only are interested in two

frames: an inertial frame A and a body-fixed frame B. To avoid confusion
in the readers, throughout this section we then use a simplified notation,
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summarized in the next notation table.

Simplified Notation, valid for Section 2.6

A Inertial frame.

B Frame rigidly attached to the body.

0:="40p Origin of the body w.r.t. to the inertial

0 frame

R :=4Rp Rotation of the body w.r.t. to the inertial
frame.

H:=4Hp Pose of the body w.r.t. to the inertial
frame.

v = [U] = BVA7B Left-trivialized velocity of the body.

w

p:="4p Generic point of the body expressed in the
inertial frame A.

r:=bBp Generic point of the body expressed in the
body frame B.

p(+) Density function, taking in input points

expressed in the body frame B.

All the results of system in classical mechanics can be obtained by ap-
plying the principle of least action, that states that the trajectories of a
mechanical systems are the extremum of a trajectory-dependent quantity
called action.

2.6.1 Review of Lagrangian Dynamics: the point mass

Before approaching the lagrangian dynamics of the rigid body, we review
the basic concepts of lagrangian mechanics using a simple example, a point
mass.

The configuration of a point mass with respect to an inertial frame A is
given by its position coordinate vector 4p € R3. To avoid overloading the
notation, in the remainder of this subsection we will indicate the position of
the point mass simply as p := 4p € R3. The velocity of the point mass is
given by the derivative w.r.t to time of the point position, i.e. p := 4p.

Assuming that the point mass lies in a uniform gravitational field, and
the effect of the point mass on the gravitational field is negligible, the La-
grangian for a point mass m is the difference between the Kinetic Energy
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K(p,p) and the Potential (Gravitational) Energy U (p):

L(p,p) = K(p,p) = U(p), (2.52a)
K(p,p) = %m I, (2.52b)
U(p) = mg"p. (2.52¢)

where g € R? is the gravitational acceleration vector of the uniform field.
The action of a given trajectory is defined as:

t1
S = [ L(o.pe)
0
The Principle of Least Action states that the trajectory performed by
such a system is the one that minimize the action. Such a variational prob-
lem can be demonstrated to have the same solution of the Euler-Lagrange
differential equations [Bullo and Lewis, 2005]:

0 . d 0 )
%L(P,p) - %%L(P, p) =0.

In the point mass case we have:

0 0
Lip.p) = — = 2.52
o (p, D) apU(p) mg, (2.52d)
—aL( ')——8K( )) = mp (2.52¢)
ap b,p)= ap b,p) = mp, .
d 0 ) .
@—apL(p,p) = mp. (2.52f)
From which we have:
mp —mg = 03x1. (2.53)

The left term of the equations is 0 only if the only external force acting
on the point mass is the gravitational force described by the potential U(p).
If forces not described by the potential are acting on the point mass, the
equation is modified to include this forces acting on the point:

mp—mg = f. (2.54)
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2.6.2 Rigid Body Lagrangian Dynamics

In the previous subsection we reviewed the Lagrangian Dynamics formalism
and the principle of Least Action for a simple point mass. In this section
we will see how the same concepts applies, with the appropriate changes, to
the Rigid Body case. But first we need to formally introduce the concept of
rigid body, that was informally presented in Section 2.3.1.

Definition 2.1 (Rigid Body). A rigid body is a mathematical abstraction
describing an arbitrary distribution of mass in the 3D space, that is fixed
with respect to a given frame, that we call the body frame B.

Definition 2.2 (Volumetric Mass Density). The mass distribution of a rigid
body in space is described by a time-invariant density function, that maps
each 3D point (expressed in the frame B) to its density.

p(-) : R® = Ry (2.55)

The mass m(V') enclosed in a given 3D volume V is given by the integral
of the density over such a volume:

m(V) = / / /V p(r) dr. (2.56)

Note that if the density domain was defined as the points in the 3D space
expressed in the inertial A frame, the density function would have not been
constant, but it would also explicitly depend on time. As the density of the
rigid body is constant in the body frame B, the pose of the rigid body can
be fully represented by the homogeneous transformation between the body
frame B and the inertial frame A, that for simplicity in this section we will
indicate as H = AHB, with R = 4Rp and o = 4op.

The relation between a point attached to the rigid body expressed in the
absolute frame 4p, that for simplicity we refer as p and in the body frame
Bp (for simplicity r) is simply given as:

m B [Oig ﬂ m = [er 0} (2.57)

And its velocity is obtained as:
p] [ R o|[r] [Rr+o0
ol = o o[-0 23
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Similarly to the point mass case (2.52) the kinetic energy of a rigid body
is obtained by integrating all the contributions to the kinetic energy of each
point p of the rigid body:

5[] o# o=t ap (2.59)

While the potential (gravitational) energy is obtained by integrating all
the contributions to the potential (gravitational) energy of each point p of

the rigid body:
/ / /R (BT (p—0))g" pdr. (2.60)

To highlight the dependency of the lagrangian on the state of the rigid
body H, H, we apply the change of variables p = Rr 4+ 0, p = Rr + 6 and
obtain the following definition of the Rigid Body Lagrangian.

Definition 2.3 (Rigid Body Lagrangian). The Lagrangian function for a
rigid body B with pose H € SE(3) and velocity H is:

L(H H) U(H), (2.61a)

///RS ‘Rr—i—o dr, (2.61b)
///Rg T (Rr 4 o) dr. (2.61¢)

There are two main differences between the Lagrangian of a point par-
ticle (2.52) and of a rigid body (2.61). First the configuration of a point
particle p € R? is a element of a vector space, while the state of the rigid

body is an element of a matriz Lie group H = [OR ﬂ € SE(3). The
1x3

second difference is that for the point mass, the parameter describing the
inertia of a particle is a single lumped single parameter, the mass of the point
m. For the rigid body the inertia information is contained in the continuous
density function p(+).

The first difference is addressed using the left-trivialized velocity or a rigid
body, while the second difference is addressed by introducing the inertial
parameters, a set of 10 parameters fully describing all the inertial properties
of a rigid body.

Between the different ways we could transform H in a 6D vector we
choose the left-trivialized velocity because we can directly apply the Euler-
Poincare equations as will be necessary in Theorem 2.1.
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To reduce the complexity of equations, in the next section we will refer
to the left-trivialized velocity Pv ABasV:

L) e8] e

We can express the Lagrangian (2.61) in function of the left-trivialized
velocity. We refer to the Lagrangian written w.r.t. to the left-trivialized
velocity as the left-trivialized Lagrangian [(H,v).

l(H v) = L(H,Hv") = k(H,v) — U(H), (2.62a)

/// ’Rw T—FRU‘ dr =
= 2///]1{3 p(r) ‘R(w%—i—v)ﬁdr =
= ;///RS p(r) ]w/\r+v}2dr. (2.62b)

Remark 2.5. Through the left-trivialization, i.e. introducing a dependency
on v rather than on H, we remove the dependency on H from the kinetic
energy, an so we can write the trivialized Kinetic energy simply as k(v).

Even if simplified, the left-trivialized Lagrangian still depends explicitly
on the density function. We can simplify its expression by depending on a
fixed number of functional of the density function, that are classically called
inertial parameters.

Proposition 2.1. The left-trivialized Lagrangian of a rigid body can be writ-
ten as:

I(H,v) = k(v) — U(H), (2.63a)
k(v) = %VTMV (2.63b)
UH) = [¢" 0| H mc} (2.65¢)

where m € R is the total mass of the body, defined as:

o ([ o o

c € R3 is the center of mass of the body, defined as:

el [ffa rptr)dr
[T oo o) dr m

32

(2.65)



I € R3*3 s the 3D inertia matriz of the body, defined as:

///RS M2dr e R3S (2.66)

and M € R%%6 s the 6D inertia matriz of the body, defined as:

b oerirts, -~ (L rot )“] =fms T
(fff]}gi’t TP(T)dT) - fffRs p(r 2d7” (me)” I '
(2.67)

M =

Proof. We can isolate the terms that depend on the density and the inte-
gration variable r. For the gravitational energy from (2.62) we have:

= ([ oo ff ear) =) o [ ]

As from (2.64)-(2.65) we have that [ [zs rp(r)dr = mecand [ [os p(r)dr =
m, we obtain a compact expression for the gravitational energy of a rigid
body in a uniform gravitational field:

o] ]

m

Regarding the kinetic energy from (2.62b) one has:

1 |7
_ A
5 JJL o ]
By noting that the argument of the norm can be written as:
AT A
v L] = [13 —r ]v

it is possible to write the kinetic energy as a quadratic form of the left-
trivialized velocity v:

4o P e
= %VT // . p(r) [ii _ZZAA)Q} drv =

1
= ivTMV.

dr. (2.68)
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Remark 2.6. Note that while it is common practice to define the center of
mass as in (2.65), U(H) is more easily expressed as a linear function of mc.
me € R3 is usually called first moment of mass, and it will be discussed in
depth in Chapter 6.

Theorem 2.1 (Euler-Poincaré Equations for Rigid Body Dynamics). Given
a time interval [0,T] the trajectory H(-) of a rigid body in a uniform gravi-
tational field is the one that minimizes the action:

T
S[H()] = /0 LOH (), B (t))dt (2.69)

where the rigid body Lagrangian L(H, H) is defined in (2.61).
In particular the resulting equations of motion are given by:

H = Hv", (2.70a)
T
Mv+v>‘<*Mv=M[R g] (2.71)
03x1

where M is the 6D inertia matriz defined in (2.67) and vx™ is defined in
(2.50).

The proof to Theorem 2.70 is given in Subsection A.3.2, because it re-
quire the necessary background in the matrix Lie group theory.

Lemma 2.1. The equations of motion of a rigid body in a uniform gravita-
tional field under the influence of additional non-gravitational force-torques

are:
T

MY + vX*Mv = M [R g] + pf* (2.72)
O3x1

where pf* is the sum of all the external force-torques acting on the body,

expressed in the body frame B.

From this computation we can now write the Newton-Euler equations
using the left-trivialized representation:

T

My + vx*Mv = M [R g} (2.73)
O3x1

Non-conservative forces can be considered in this model by appropriately

modifying the Lagrangian [Bullo and Lewis, 2005], to obtain the following

equation:
. .. RTg "
MV + vx*Mv = M + pf (2.74)
03x1
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Where f* is the external force-torque exerted by the environment on the
rigid body, expressed in the B frame for consistency with the rest of the
equations.

The same equation can be expressed in a more compact way using the
proper acceleration:

T
M (v - [R QD +vX*My = pf* (2.75)
03x1

2.7 Newton-Euler equations in the different rep-
resentations

Applying the accelerations and velocity transforms presented in Table 2.1
and Table 2.2, we can easily transform the Newton-Euler equation to be ex-
pressed with respect to the chosen acceleration representation. Furthermore
if velocity and acceleration are written with respect to a frame, we will write
also the external force-torque w.r.t. to the same frame.

2.7.1 Left-trivialized

Using the notation introduced in this thesis in extended form, (2.74) can be
written as:

B B - B ARLAg
BMpB~Va B+ 7vapx ' BMp“vap = pMp [ 0331 ] + Bf*  (2.76)
X
2.7.2 Right-trivialized
A A - A Ag
AMB?V A B + “va X AMp~v = 4Mp [03 J + af”. (2.77)
X

While this equation may seem similar to (2.76) the main difference is that
Mp is a fixed quantity while \Mp = AXBpMpBX 4 that is a time-varying
quantity that depends on the position of the rigid body.

2.7.3 Mixed

The dynamics using mixed acceleration can be written as:

1] =« 031
X M =
| % a4

[A]

0
B . 3%
BAMB VA B+ [AWA

)

4g
B[A]MB |:03><1:| + B[A]fx. (2.78)
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2.7.4 Sensor

The dynamics using sensor acceleration can be written as:

O3%x1 | - O3x1 ARTg
BMpaa B + B x*sMp B = gMp BT 4 gf~. (279)
’ WA.B WA,B O3x1

)

The equation in this form can compactly written using the proper sensor
acceleration oy 5, defined in (2.41) :

03x1 | -« O3x1
g X _ e
BMBQA,B + |:BWA,B:| X" pMp |:BLUA B:| = pf®. (2.80)

)

2.8 Rigid Body Total Momentum and its relation
with Dynamics

Given a rigid body B with a density p(:), we define its total momentum
w.r.t. to a frame A expressed in a frame C as:

A.
chap = CXA/ p (*RE (“p —“op)) |:A -A]ix } dp = (2.81)
R3 pp
A A A
wy gl + 0B
= CXA/ p(r)
R3

A dr (2.82
(AwQLBr + Aég) (ARpr + “4op) r( )

Note that in this definition, while A and C' are just frames, B is a rigid
body.

A more convenient expression for the total momentum is given in the
next theorem.

Lemma 2.2. The total momentum defined in (2.81) can be equivalently
expressed as:
chap:=cXPpMpPvap. (2.83)

The momentum is a quantity with several interesting properties. One of
it is the following alternative formulation of the Newton Euler equations.

Lemma 2.3. The time derivative of the total momentum expressed in the
inertial frame A is equal to the sum of the potential and contact 6D forces
applied on the body, i.e. one can rewrite the right-trivialized rigid body dy-
namics in (2.77) as:

T

ahap = 4 XPpMp [R ﬂ + af* (2.84)
X

03
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This is formulation of the Newton-Euler equations as the derivative of
the total momentum expressed in the inertial frame is how the Rigid Body
Dynamics is tipically introduced in robotics dynamics literature [Feather-
stone, 2008].

Note that the Newton-Euler equations can be defined also using the
mized representation, assuming that the origin of the frame L coincides
with the center of mass of the robot, as stated in the next property.

Lemma 2.4. Assuming that the origin of a link frame G is coincident with
the center of mass of the body, i.e. “cg = 0, the time derivative of the total
momentum expressed in the mized frame G[A] is equal to the sum of the
potential and contact 6D forces applied on the body, i.e.:

ApTA A
: R c _|m -
clahas = G[A}XBBMB |: Ogilg:| +gaft’ = |:03><£17:| + grat”. (2.85)
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Chapter 3

Multi Body

In existing control-related robotics literature [Siciliano et al., 2008], the dy-
namics of fixed base structures is introduced through the Lagrangian for-
malism and the Euler-Lagrange equations, that is typically used for having
a greater insight on the structure of the dynamics. Instead, the dynamics of
floating base structure is either derived using the Lagrangian formalism with
singular representation of the rotation of the base [Wieber et al., 2016], or by
taking the Newton-Euler equation for a rigid body as a given|Featherstone,
2008, Jain, 2010]. In this thesis instead we present also free-floating dynam-
ics equations using the Lagrangian formalism, using known results from the
geometrical mechanics literature [Marsden and Ratiu, 2013] such as Euler-
Poincaré and Hamel equations. While the resulting equation of motions are
(clearly) identical to the one that can be obtained assuming as given the
Newton-Euler equations, such a presentation of the Multi Body Dynamics
give the interested reader more insight on the underlying mechanical prin-
ciples.

Another main contribution with respect to most existing literature is the
fact that we model floating systems without assuming any preferred base link
or frame, and we show how the kinematics and dynamics of the robot arise
by choosing different base link. In particular, we show how the equations of
motion associated with different base links can be obtained as a nonlinear
change of variables of the robot state. We also show that this change of
variables can be used to express the robot dynamics as a combination of the
“internal” and the “centroidal dynamics”, as introduced in [Orin et al., 2013]
and extended in [Garofalo et al., 2015]. Attempts to generalize the floating-
base systems’ equations of motion irrespective from the base frame choice
can be found in [van Oort, 2011, Chapter 3] and in [Jain, 2010, Chapter 17,
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Section 3.6]. The main theoretical drawbacks of these works, which have
been largely ignored by the humanoid control literature, is the assumption
that the base frame is rigidly attached to one of the links of the system, that
is instead superseded in this thesis.

While this thesis does not directly include results related to control, its
modelling content has been used in several results achieved on balancing
control of iCub. Control related results based on the modelling developed
in this thesis can be found in [Nava et al., 2016, Pucci et al., 2016a, Dafarra
et al., 2016].

3.1 Composition of relative and absolute velocity

A key aspect in multibody systems is how to compute the absolute position,
velocity and acceleration of a frame D given the absolute position, veloc-
ity and acceleration of a frame B and the relative position, velocity and
acceleration of the frame D w.r.t. to B.

At the position level, this problem is simply solved by the composition
law of homogeneous transformation: given 4Hp and 2Hp, AHp can simply
be obtained by matrix multiplication:

AHp =“HgPHp. (3.1)

By time differentiation, we obtain a similar relation at velocity and ac-
celeration level:

ARp =“HPHp + *HRPHp, (3.2)

This same relation, but written with respect to the 6D velocity and
acceleration in their different representation are given in the next subsection.

Lemma 3.1 (Left-Trivialized Velocity and Acceleration Composition). Given
the transforms AHB, BH, and their left-trivialized velocities BVA7B,DVB7D
and accelerations B\'/A7B, D\'/B,D, the left-trivialized velocity and acceleration

of the composed transform AHp = AHgBHp are given by:

D D B D
vap="Xp"vap+"VvBD (3.4a)
D. Dy B. D. D D
vap="Xp"Vap+"VBDp+"vap X VBD. (3.4b)

Lemma 3.2 (Right-Trivialized Velocity and Acceleration Composition).

Given the transforms AHB, BHp and their right-trivialized velocities AVA7B, BVBVD
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A B

and accelerations “va g, VB p, the right-trivialized velocity and acceleration
of the composed transform AHp = AHgBHp are given by:

A A Ay B
vap="vap+"X"vBD (3.5a)

A A Ay B. A A
vap+ " XB"VvBp+ " vap X VB D. (3.5b)

VAD =
Lemma 3.3 (Mixed Velocity Composition). Given the transforms “Hpg,BHp
and their mized velocities B[A]VA,B, D[B]VBJ) and accelerations B[A]\'/A,B, D[B]\'IB7D,
the mized velocity and acceleration of the composed transform “*Hp = AHgP Hp
are given by:

DAl p =P X g PV 4 g+ PAX g PPl (5.6a)
DAy 4 p = P X g P 4 g + PAX g PP g p+ (3.6b)
2AwA7B X ARBBOD + AwA7B X (AwA,B X ARBBOD)

_l’_
Aoap x *RPwp p

Remark 3.1. The complicated expression of propagation of acceleration in
the mized case (3.6) is one of the reason why the right-trivialized and the left-
trivialized representation are typically preferred in describing in a compact
way multibody algorithms, as discussed in [Featherstone, 2001, 2010).

Remark 3.2. Differently from the left-trivialized and right-trivialized ac-
celerations, the propagation of the mized acceleration does not require any
information on the linear part of the mixed velocity of any couple of frame
involved in the kinematic propagation. This property holds also for the sen-
sor acceleration, and is a useful property when performing estimation using
only inertial sensing, as will be explained in Subsection 4.4.3.

Lemma 3.4 (Sensor Acceleration Composition). Given the transforms A Hp,® Hp
and their sensor accelerations oa p,ap.p, the sensor acceleration of the
composed transform AHp = AHgP Hp is given by:

aap ="Xpoas+appt (3.7)

PRp [2(Pwap x Pop) +Pwap x (Pwap x Pop)] (3.8)

+ PRp (Pwap x Bwpp)

3.2 Joints

The joint is a connection that constraints the relative motion between two
rigid bodies. The modelling of joints it is a foundation of modern mechanics
[Denavit and Hartenberg, 1964], and it is an active field of research even in
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the first years of the 21st century [Seth et al., 2010]. In the following section
we will review the main properties of the joint necessary in the following of
the thesis.

The number of degrees of freedom (dofs) of a joint is the number of
relative degrees of freedom between the two body that are left unconstrained
by the joint. In general the number of degrees of freedom of a joint can range
from 0 to 6, and also be time variant. The relative position of two bodies
connected by a joint is in general an element of a manifold whose local
dimension is equal to the number of DOFs of the joint.

Assumption 3.1. For the sake of simplicity, in this thesis we only consider
0-dof and 1-dof joints. In particular we will only considered 1-dof joints,
whose configuration can considered an element of R.

3.2.1 One Degree of Freedom Joints

The transform between two bodies B and D connected by a joint are is fully
determined by the function mapping the joint position # € R to the relative
pose of the two links connected by the joint:

BHpH(6) : R — SE(3).

The relative velocity and acceleration of D w.r.t. to B is related to the
time derivatives of joint configuration 6:
dBHp0) dPHp®) .

7 = 20 0 (3.9)

As discussed in the previous chapter, the that typically the relative po-
sition between two bodies is expressed using a 6D velocity representation.

Lemma 3.5. Give a one degree-of-freedom joint described by the transform
function BHp(0), the left-trivialized, right-trivialized and mized relative ve-
locity can be computed as:

: dBHp(0)\"
Byvpp="Pspp(0)0, Pspp:= ((BHD(H))‘ldg()> ,(3.10a)

: dPHp (0 )
BVB,D:BSB,D(G)H; BSB,D: (dg()(BHD(G)) 1> 7 (3]0[))

D[B] D[B] ) DIB] as("on(9)
VB,D = SB,D(Q)Q, SB,D = (dBIZg(G)(BRD(H))T>V .106)
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The vector Ps B,D € RS obeys the same transformation rules of 6D veloc-
ity, as it is the mapping between the relative 6D velocity of the two bodies
connected by the joint and the joint velocity and it is known as joint motion
subspace vector.

As the definition of the joint is symmetric w.r.t. to the two links B and
D connected by the joint, they can be inverted in the joint motion subspace
definition, regardless in the frame C in which the joint motion subspace is
expressed, resulting in:

CSD7B = —CSB7D. (3.11)
Assumption 3.2. In this thesis we will always assume that the left-trivialized,
the right-trivialized and the mixed joint motion subspace vector are indepen-
dent of the joint configuration, i.e. :

d Ps
7deB’D = O6x1, (3.12)

d Bs
7dGB’D = O6x1, (3.13)

d DlBlg
TB’D = Ogx1. (3.14)
(5.15)

While this may seem an arbitrary complex requirement, it is actually
observed by most simple joints used in robotics, such as the revolute or the
prismatic joints.

Under Assumption 3.2 we then can write that the relative accelerations
of two bodies connected by a joint are:

DVB,D = DSB,Déa (3.16)
BVB,D = BSB,Déa (3.17)

Revolute Joint

A classical example of 1-dof joint is the revolute joint, whose use is widespread
in humanoid robotics.

Definition 3.1. Given a revolute joints with an azis a € R3,|a| = 1 that
connects two bodies B and D, with PHp(0) = 14, the joint transform is
given by:

sty = [0 Oy

2
01><3 1 .

] , PRp(#) =13 + cos (8)a” + sin (9) (a)
(3.19)
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Remark 3.3. For a revolute joint defined as in Definition 3.1, the 3D joint
axis is a is expressed in the same way in the frame B and in the frame D,
as we have that, given that a”a = 03x1:

Ba=BRs% =13 4 cos (A)a” + sin (0) (aA)2 A0 =44,

Lemma 3.6. Given a revolute joints defined as in (3.19), the left-trivialized,
right-trivialized and mized joint motion subspaces coincide, are constant and
are given by:

0
Pspp ="Pspp="Plspp = [ 3;1] (3.20)

The lemma follows by applying Lemma 3.5 to (3.19).

This result can be generalized to a general revolute joint introducing two
constant transforms PHp and P H 5 The joint connecting the two frames
B and D that coincide for # = 0 can be transformed in the generic revolute
joint connecting B and D using the following transformations:

BH~(9) _ BHBBHD(Q)DHDa (3.20a)
Pss 5 = PXpPsp p, (3.20b)
BSB,D _ BXBBSB,D7 (3.20c)

DIBlg, 5 = DIBIX pyy PBlsy (3.20d)

3.2.2 Fixed joints

A (0-dof) fixed joint connecting two bodies B and D is fully determined
by the (constant) homogeneous transform between the two bodies ®Hp.
Given that the two bodies are rigidly attached, all the time derivatives of
this transform are equal to zero, i.e. Bp D = 04x4, and one has:

Pvpp=06x1, "¥pp =06x1, (3.21a)
Bvpp=06x1, "VBp =06x1, (3.21Db)
D[B]VB,D = 06><1, D[B}{"B,D:OGXL (321C)

3.3 Modelling of Multibody Systems

This section recalls notation, state definition, and equations of motion asso-
ciated with free-floating mechanical systems.
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3.3.1 Topology

To mathematically describe the topology, i.e. how joints interconnect the
links, of a multibody system, we need to define use some concepts from graph
theory. While the use of graph theory to model the multibody topology is
a widely studied subject we remark that in the presented formalism we
always treat the graph induced by the multibody structure as a undirected
graph, while existing literature [Jain, 2011, McPhee, 1996] model multibody
systems as directed graphs.

Definition 3.2 (Multibody System). A multibody system is composed by a
set of ny, rigid bodies —called links— interconnected by ny mechanisms —called
joints— constraining the relative motion of a pair of links. From the math-
ematical point of view, a multibody system is represented by a undirected
graph, a couple (£,3), where £ is the set of the links (the vertices of the
graph), while J is the set of joints, modeled as sets containing two distinct
links (the undirected edges).

Definition 3.3 (Path). A path from a link B to a link D of length d is an
ordered sequence of d links (L1, Lo, ..., Lg) such that:

Ly=B, Lg=D Viel?2,---.,d {Li7Li+1} €J. (3.22)

Furthermore, we define with wg(L) the unique set of links that lie on the
path connecting L with B.

Assumption 3.3 (Link Frames). We assume that each link L € £ is as-
sociated with a link-fixed frame, called link frame. In the sequel, we often
refer to the frame attached to link L simply as L.

Assumption 3.4 (Joint’s Degrees of Freedom). We assume that each joint
possess either zero or one degree-of-freedom. For each joint {E, F} € J, we
define a function DOFs(-) that returns the number of degree-of-freedom of
the joint:

DOFs(-) : 3 — {0,1}.

Definition 3.4 (Acyclic Graph). A multibody system is acyclic if there
are no loops in its structure. In mathematically terms, a multibody system
is acyclic if for every ordered pair of links (B,C) there is a unique path
connecting B to C.

Assumption 3.5 (Acyclic Graph). All the multibody systems considered in
this thesis are acyclic.
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Definition 3.5 (Internal Degrees of Freedom). The internal degrees of free-
dom of given multibody system, indicated with n, are defined as the sum of
all the degrees-of-freedom of all the joints contained in the multibody system:

n:=>» DOFs(J) (3.23)
JeJ
The assumption of acyclicity of the multibody systems mean that all
considered systems will be represented by an undirected tree. In general an
undirected tree can be represented as a directed tree by selecting one link
as the root or base of the tree. If we indicate the selected base as B, the
direction of any given joint given the basel link B is defined as toward the
base B.
To fully model this base-induced directionality, we define some helper
functions.

Definition 3.6 (Parent Link). Assuming that B € £ is the selected base
link, the parent function:

Ap(): £— B & (3.24)

is defined as the function that maps every link (except the base B) to its
unique parent. As, by definition, the base link B is the root of the directed
tree, no parent is defined for it.

Definition 3.7 (Ancestor Link). Given a base link B € £, the nth ancestor
link of L € £ is defined as the power of the parent function:

NL(L) = Ap(... Ap(L)). (3.25)

n

Definition 3.8 (Children Links). Given a base link B € £, we define the
set of the children of a link L as all links whose parent is L:

pp(L) = {D € &|Ap(D)=L}. (3.26)

Definition 3.9 (Subtree Links). Given a base link B € £, we define the set
of the subtree starting at link L as yg(L) :

vp(L):={Deg|3IneNst \Ny(D)=L}U{L}. (3.27)

Definition 3.10 (Neighbor Links). We define with R(L) the set of all links
that are adjacent to link L, i.e. the neighbors of L:

N(L) = {D € & |{D,L} € 3}. (3.28)
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Note that the set of neighbors does not depend on the definition of a
specific base.

Lemma 3.7. Given a link L, for every B # L the set of neighbors of L
N(L) is the union of the singleton containing the parent link Ag(L) and the
children set pp(L):

N(L) = {As(D)} U ps(L). (3.20)
Lemma 3.8. Given a link L the set of neighbors of L W(L) is also the
children set using L as a base vy, (L):

R(L) = (D). (3.30)

3.3.2 Numbering

In the previous section, we introduced the basic elements composing a multi-
body systems, i.e. links and joints, as abstract elements. For composing link
and joint related quantities such as position, velocity or torques in familiar
linear algebra concepts such as matrices or vectors, it is convenient to as-
sociate each link and joint to unique natural number, that we call index of
the Link or Joint, defined in the following.

Definition 3.11 (Link Serialization). Each link is associated to a natural
number by the numbering bijective function LinkIndex(-):

LinkIndex(-) : £ - 1,2,...,nL. (3.31)

Definition 3.12 (Joint Serialization). Each link is associated to a natural
number by the numbering bijective function JointIndex(-):

JointIndex(-) : J — 1,2,...,ny. (3.32)

Similarly to the link and joint cases, it is also convenient to associate to
each (internal) degree-of-freedom of the system a natural number. However,
the fact that each joint can have either 0 or 1 dof complicates the definition,
given in the following.

Definition 3.13 (Degree-of-Freedom Serialization). FEach non-fized joint is
associated with a natural number describing the position of the DOF associ-
ated with that in vectors with n size describing internal position, velocities

of the robot by the DOFsOffset(-) function.
DOFsOffset(-) : 3 —Jo — 1,2,.... (3.33)
Where Jo :={J € J | DOFs(J) = 0} is the set of fized joints.
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Remark 3.4. In classical approaches this numbering is also used to encode
some of the hierarchical properties of a spanning directed tree induced by
the choice of an arbitrary floating base link. In particular the regular num-
bering is usually adopted [Featherstone, 2008, Jain, 2010], in which every
parent link has a number lower then the ones of its children. This aid the
description of some algorithms for multibody dynamics but has the downside
of coupling the chosen numbering with the chosen base link. As in this chap-
ter we explore and use in depth the concept of changing the base frame of
the system, we opted to keep the numbering and the topology of the system
separated, such that internal quantities such the robot shape are independent
of the choice of the base frame.

Definition 3.14 (Degrees of Freedom in a Path). The set of DOFs that
belong to a path wp(L) is defined as mBOF(L):

7BOF(L) :={i e N | 3E,F € £ A DOFsIndex({E,F}) =14 A (3.34)
ANE=M(F) A E,Fenp(L)}. (3.35)

3.3.3 Shape

We define with s € R™ the position of all the joints in the system.
For a given joint {E, F'} € J with DOF({E, F'}) = 1, its configuration
can be found in the shape vector at the location DOFsOffset({E, F'}).
Consistently with Assumption 3.1, the velocity and acceleration of the
internal joints are given by s € R" and s € R™.

Remark 3.5. In geometric mechanics literature, the configuration of the
internal joints of a multibody system is called the shape of the system.

3.4 Relative Forward Kinematics

Using the definition relative to the joints, we can now define the basic rela-
tionship between the shape s of a multibody system and the relative position,
velocity and accelerations of the body composing the system, i.e. the links.

With the definition of joints as given before and given the shape of the
system s, it is possible to compute the relative forward kinematics, i.e. the
relative position of two arbitrary bodies L and D : “Hp(s). It is defined in
the following:

d—1
PHp(s) = "Hy 1) Hys 1 - (L)H)\%(L)' (3.36)
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In particular, the transform between the two nearby links L and Ap(L)
is given by the joint model, as explained in 3.2. This joint transform is
constant if DOF({A\p(L), L}) = 0 or it is dependent on sporsOffset({Ap(L),L})
otherwise.

Proposition 3.1 (Left-trivialized Relative Jacobian). The left-trivialized
relative velocity Pvy, p(s,3) can be written as:

Pypp(s,8) =PSr.p(s) 5(s). (3.37)
Where DSL7D € R*" s the relative left-trivialized Jacobian.

The i-th column of P Sy, p, i.e. (DSL,D)(;J) is given as:

Py oy = 4 XFsmr i € 7P(D) A DOFSOFset({E, F}) = i
BP0 0 otherwise
(3.38)

Proof. For the sake of readability, in the proof we will drop the explicit
dependency on s and s.
The left-trivialized velocity Pv ,p is defined as:

L \V
Pvpp = (DHLLHD) : (3.39)

)

From the time derivative of (3.36), DH;YHp can be written as (assuming
that DOFsOffset({E, F'}) = i):

: oFH
PH D= Y PHMHp=  Hps = (3.402)
iexDOF (D) ’
oFH
= > PH Hg 5 FF s = (3.40b)
.
ienDOF (D) !
= > PHpfspMHps = (3.40c)
iexPOF (D)
= Y (PXrPspr) s, (3.40d)
ierPOF (D)

where in the derivation we use that Fsg’F = FHEaggp from (3.10) and

\%
then that DXFFSEJ? = <DHFFS%’FFHD) from (2.27).
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Combining (3.39) and (3.40d) one obtains:

Pypp = Z (PXEPsE,r) 4, (3.41)

iexDOF (D)

that written in matrix form is (3.37).

3.5 Multibody Lagrangian Dynamics

In this section we introduce the dynamics of a multibody system using La-
grangian concepts, as done for the rigid body in Section 2.6. To reduce
unnecessary complexity and improve readability, in this section we will al-
ways use the left-trivialized representation for rigid body velocity, accelera-
tion and forces. Expression to transform the dynamics using the different
representation are then given in Section 3.7.

3.5.1 Absolute State definition

Being a mechanical system, the equations of motion governing its dynamics
are a second-order differential system. Hence, we have to define a state of
the system composed of a properly defined position and velocity.

Free-Floating system position

The process of defining the system position aims at determining a set of
variables from which the position of each point of the multi-body system can
be retrieved in the absolute frame A. Being a composition of rigid bodies,
each point of the multi-body system can be retrieved from the position-and-
orientation — referred to as pose — of each link frame L € £. Given the
topology of the considered multi-body system, however, each link pose can
be determined from the pose of the base frame B and the joint configurations
or shape (see Figure 3.1). In light of the above, the configuration of a
free-floating system is given by the base pose AHp € SE(3) and the joint
positions s € R", i.e. one can define the configuration set Q as follows:

Q =SE(3) x R, (3.42)
¢® = (“Hpg,s) € Q. (3.43)

The B superscript in ¢ emphasizes the dependency on B of the repre-
sentation of the configuration.
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Free-Floating system velocity
In view of (3.43), the derivative of the robot position is given by:
qB = 64};375»

As in the case of a single rigid body discussed in detail in Chapter 2 it
is more convenient to represent the velocity as a column vector. Using the
left-trivialized base velocity representation, we can define the system velocity
vector vB € R6*77 as follows:

A]%Tﬂ4é
B/B Pvanp ApTAT o +6
S $

with By AB € RS the left-trivialized base velocity, and § the joint velocities.
In a similar way we can represent the system velocity with the right-
trivialized or mized representation for the base velocity:

44V AlzgfaéB
yBIA = | TABL = [(ARLARE)Y| € R™TO, (3.45)
§ 8

Remark 3.6. The system position and velocity depend upon the choice of
base link B. Furthermore, the system velocity vector depends also on the
representation used for the base 6D wvelocity, either left-trivialized, right-
trivialized or mixed.

3.5.2 Kinematics

We recall below how to relate the pose and velocity of an arbitrary link
frame L € £ to the Free-Floating system position and velocity.

The pose of a link L w.r.t to the inertial frame is a function of the system
position ¢? (see Figure 3.1):

AHL(¢") : Q— SE(3), (3.46a)
AHL(¢B) = AHpBH L (s) = [ARB A;’B}BHL(q). (3.46b)

O1x3

The velocity of a frame L w.r.t. to the inertial frame is the product
between a robot position-dependent Jacobian matrix Jy, g/ (¢B) € R6*n+6
and the system velocity:

Ly an(d®,vP) = Jp g/(d®)W", (3.47a)

Jrppd®) = [FXg TSpp(s)]. (3.47Db)

50



HL = AHBBHL(S)

S

Fig. 3.1 The pose of a frame AHy, is a function of the base pose AHp and
the shape s of the mechanism.
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The equations (3.46) and (3.47) represent the so-called forward kinemat-
ics of the link L using B as the base frame, and using the left-trivialized
base velocity, i.e. expressed in the frame B. For the time being, in this
chapter we will always assume that the base link B is known and fixed, and
consequently we will avoid explictly indicating the base dependency on the
different quantities, i.e. we will simply indicate ¢® with ¢, v® with v, v AL
with vy, and Jp, g,p with Jr/g. This assumption will be properly discussed
and generalized in Section 3.7.

Furthermore, in the next chapter we will discuss how to derive the equa-
tion of motions using Lagrangian dynamics. To simplify the notation even
more in this section, we will simply assume that we use the left-trivialized
representation, i.e. Jy,p will be simply indicated Jr. Again, this assump-
tion will be properly discussed and generalized in Section 3.7.

3.5.3 Multibody Lagrangian

Similarly to the Rigid Body case, for a Multibody system in which the
configuration is described by an element of SE(3) x R", a generalization
of the Euler-Lagrange equations apply, the Hamel equations. In particular
the Hamel equations can be seen as a combination of the Euler-Poincare
equations for the base part, and the classical Euler-Lagrange equation for
the joint.

The Lagrangian for a Free-Floating Mechanical System can be simply
obtained as the sum of the Lagrangian of each rigid body.

lq,v) =k(q,v) —Ul(q) (3.48a)
k(g,v) =Y i M var (3.48b)
Lel
U(g)=->_ [*g" 0] *HL(q) [m;LLCL} (3.48¢)
Lell

One major difference between (2.63) and (3.48) is that in (3.48) the kine-
matic energy term depends also on the system configuration, rather then
just on the velocity.

The following proposition gives us a more convenient form for the left-
trivialized lagrangian.

Proposition 3.2. The left trivialized lagrangian for a multibody defined in
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(3.48) can be equivalent expressed as:

k(q,v) = %VTM(S)I/ (3.49)
B

m”=c(s
Ulq) = —[*¢" 0]“Hp [ m( )] (3.50)
where M(s) € R"T6Xn+6 s the system’s mass matriz, defined as:

M(s) =" Jf(s)LMLJy(s), (3.51)
Le

m is the total mass of the multibody system.:

mi=>» my (3.52)
L
and Bc(s) is the total center of mass of the multibody system, defined as:

o-tpmefi] e
L

mr,

The mass matrix has a specific structure, discussed in the next Theorem.

Theorem 3.1 (Mass Matrix structure, [Wensing and Orin, 2016]). The
mass matrix Mp can be expressed as follows:

SM(s) F(s)
Ve ) ) (3859

with Fg € RS*™ the upper right block of the mass matriz, Hg € R™" the
joint mass matriz and gMC the so-called locked 6D rigid body inertia of
the multi-body system, i.e.

BM(s) = > pX"(s) LML Xp(s). (3.55)
Lec

Furthermore, the first siz rows of the mass matrix define the jacobian of the
articulated body momentum (i.e. the sum of the linear/angular momentum
of all the bodies composing the robot), referred to as the Momentum Matrix.

gh=[pM Fp|vP=>" px"I v (3.56)
Leg
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Remark 3.7. In the following we indicate with my, Ler and 1My, the con-
stant inertial quantities for a specific link L. We indicate instead with m,
Be(s) and pM(s) without any subscript the inertial quantities for all the
robot. Even if by analogy we use the same symbols we used in describing the
dynamics of a single rigid body, always remember that for a multibody this
quantities (except for the total mass) are shape-dependent.

Plugging this lagrangian in the Hamel equations, we then have that the
equations of motions classical form of the equation of a multibody system
expressed in the next theorem.

Theorem 3.2. The equations of motion of a multibody system are given by:

M(s)v+C(q,v)v+G(q) = {06:1] +ZJ17:Lf$, (3.57)
Lel
where we have:
M(s)="> " J{ LMLJL, (3.58a)
L

Clgv) =S JF [(vLi*LML 4 Mpvx) Jp + tMpJp|, (3.58b)
L

ARgAg
G(q) = *M(S) 03><1 . (3.580)
Onxl

The proof to this theorem is given in the appendix and in particular in
Theorem A.2, as it requires the necessary background in matrix Lie group
theory.

The matrix C' is chosen such that the following properties hold on the
model (3.57):

Proposition 3.3. The mass matrix M is symmetric and positive definite.
Proposition 3.4. The matriz M — 2C is skew symmetric.

Remark 3.8. To the best of the authors’ knowledge, the compact form of the

Coriolis matriz (3.58b) was proposed for the first time in [Garofalo et al.,
2013].

Remark 3.9. The left-trivialized matriz Mp,p(s) depends only on the shape
of the system, i.e. it is independent on the base pose AHpg.
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3.6 Base Change of Variables

In the next sections, we will see that the effect of changing base representa-
tion and base link choice can be represented as a change of state. We can
pose all this transformations as a change of state variables from (g,v) to
(¢, 7). Such transformation can model a change of base representation, a
change of base link or additional useful system transformation as discussed
in Section 3.9. An important feature of the class of transformations con-
sidered is that they only change how base part of the state is represented,
while the shape variable representation is assumed to never change. For this
reason we will call the following class of transformations Base Changes of
Variables:

G = (,5) = (HHz(s), 5) (3.584)
Hy(s) € SE(3) (3.58¢)
v="T(q)v, (3.58f)
T(q) = [%:ig) beSQ):| c R(M+6)x(n+6) (3.58¢)

Assumption 3.6. For each q, T(q) is invertible, i.e
Vg € SE(3) x R™ 3 T~ (q).
Assumption 3.7. The function T(-) : SE(3) x R s R6+T7X6+7 s smooth.

Remark 3.10. Given the triangular structure of T(q), T(q) is invertible if
and only if Ty p(q) is invertible.

Remark 3.11. The assumption 3.6 prevents to use as T'(q) a transform that
maps base angular velocity to a derivative of a minimal representation of the
base orientation, such as Euler Angles, as the resulting transformation would
be noninvertible in the singularity point of the representation [Stuelpnagel,
1964].

In the next theorem we see how such a transformation affect the multi-
body dynamics.

Theorem 3.3. Assume that we have a change of variables in the form (3.59)
that respect Assumption 3.6, that is applied to the system described by the
equations of motion introduced in Theorem 3.2. Then, the following results

hold.
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1. The equations of motions (3.57) transform into

i = (F(g,v)Hr(s) + H()Hr(s,5),5) (3.59a)
M@+ Caop+ G = " e Tt o)
L
with (omitting the dependencies to improve readability)
M=T"TymT1, (3.60a)
c=1"T <M§t(T—1) + CT—1> , (3.60b)
G=T7Ta. (3.60c)

2. The free-floating system kinetic enerqgy is given by:

1 -

K = §~TM(q)ﬁ (3.61)

3. Property 3.3 is preserved: if M is symmetric and positive definite then
M is symmetric and positive definite.

4. Property 3.4 is preserved: if M(q,v) — 2C(q,v) is skew symmetric,
then M(§, ) — 2C(q, ) is skew symmetric.

The demonstration of this theorem is given in Subsection 3.10.1.

This theorem is important because it ensures us that, as long as we
transforms the dynamics using a transformation in the form (3.59), for the
resulting equations of motion the basic properties required by motion control
algorithm holds. Consequently, the control design can choose the represen-
tation that he prefers, or in which the specific control synthesis is simplified,
without having to verify every time that this properties hold.

3.7 Free Floating Dynamics with different repre-
sentations or the base velocity

Note that (3.57) presents the equation of motion of the multibody system
using the left-trivialized velocity. To obtain the equation of motions for
other representations such as the right-trivialized and mixed representation
of the multibody velocity, we will just apply some nonlinear transformations
for the velocity part of the state. As in this section we need to discuss how
to change between different representation of the velocity, we will need to
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be precise with respect to the representation used, at the expense of the
lightness of the notation. Furthermore the equation provided in this section
will provide a convenient reference for the rest of the thesis, and for this
purpose we need to write them in a non ambiguous way. In particular, we
are interested to understand to which state transformation in the form 3.59
change in base velocity representation from left-trivialized to right-trivialized
or mixed representation is associated, to exploit the properties enunciated
in the previous section.

3.7.1 Left-trivialized

For, we first just rewrite the equations of motion using the complete nota-
tion.

Theorem 3.4. The equations of motions of a multibody system using B as
the base link, and using the left-trivialized representation of the base velocity,
are given by:

Mg p(s)v?/P + Cpp(d® vP/P)WP/B + Gp p(g) =

0 T
= [ 6:1] +ZL:J£B/BLf : (3.62)
where we have:

MB/B(S) = Z‘]zB/B LMLJL,B/B7 (3.63&)

2

CB/B(QB, vB/B) = Z JL.B/B [(LVA,L;(*LML + LMLLVA,LX) Jr.B/B +

L

+LMLJL,B/B} ; (5.63b)
ARgAg
Gp/g(q) = Mp/p(s) | Osx1 |- (3.63c)
Onxl

Remark 3.12. Similarly to the rigid body case, the left-hand side of (3.62)
can be written to depend just on the sensor proper acceleration ai’B, the body
angular velocity BwA’B and the shape position, velocity and accelerations
8,8,8, i.e.:

Mp,5(s)0P/B + Cpp(q® vP/B)WPIP + Gp plq) =

0
g B TN 6x1 T T
[(ay g, "waB, 8, 5,8) = [ i :|+§L:JL,B/BLf : (5.64)
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Such representation is not convenient when analyzing the multibody system
as a dynamical system as it lumps together the linear acceleration of the
base with the gravity expressed in body frame, that depends on another part
of the state (the rotation between the base frame B and the inertial frame
A). However, it is extremely convenient in estimation and identification,

because o and BwA7B can easily be obtained from common inertial sensors,

as explained in Chapters 4 and 7.

3.7.2 Right-Trivialized

Lemma 3.9. Assume that the base velocity representation is changed from
left-trivialized to right-trivialized. Then, the following results hold.

1. The system position and velocity are subject to the following transfor-
mations

Hy = 1, (3.65)
A
BIATy = [OXB 06*"] . (.66)

2. The jacobian Jp, g/ € ROXn+6 of a link frame L is subject to the
following transformation

Jppa="X0J /5" BT a. (3.67)

3.7.3 Mixed

Lemma 3.10. Assume that the base velocity representation is changed from
left-trivialized to mixed. Then, the following results hold.

1. The system position and velocity are subject to the following transfor-
mations

Hr =14 (3.68)

B/B[A]TB/B — |:B[A}XB 06><n:| ) (369)
On><6 1n

2. The Jacobian Jr g4 € R6*"+6 of o link frame L is subject to the
following transformation

JL,B/BA] = B[A]XLJL,B/BB/BTB/B[A]' (3.70)
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3.8 Free Floating Dynamics with different base
links

Similarly to the change of base velocity representation, also a change of the
base link can be represented as Base Change of Variables.

The main difference is that a change of base link introduce the transfor-
mation matrix 7' is not block diagonal anymore. Furthermore, the change
of variables involves also the base position part of the state, i.e. Hp # 14.
To improve the details carried by the complete notation, given a robot ve-
locity vP/E and a transformed robot velocity vP/P we define P/PTy /B a8
the matrix for which it holds that:

yPID _ DIDT, BB, (3.71)

In analogy with the force transformation matrix for 6D forces, we also define

D/DTB/B as:
-T

Property 3.1. The state transformation associated with a change of base
link from a link B to a link D 1is of the form 8.59. In particular, it is given,
depending on the used velocity representation:

o Left-Trivialized Change of Base Link

Hr =PHp, (3.73)
DX DS
PIPTgp= |, 0 PP (3.74)
OTLJXG 17’LJ

e Right-Trivialized Change of Base Link

Hojag,,, = BHp, (3.75)
le  “Sps
AT 4 = [0 U (3.76)
njx6 nJy

e Mixzed Change of Base Link

Hr =BHp, (3.77)
D[A] x D[Alg

D/D[A}TB/B[A] _ B[A] D,B ) (3 78)
07’LJ><6 ITLJ
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Remark 3.13 (Pure internal joint torques invariance). Let I'p be a free-
floating generalized force acting on the multi-body system. If I'p has a base
force-torque equal to zero, then it is independent from the base frame in
which it is expressed, i.e.

7T Osx1| _ [Osx1| _ |O6x1
B ™ T |
Remark 3.14 (External joint torque base dependency). Let assume that B
1s the base link, and the base dynamics is represented using the left-trivialized
representation. The effect of a pure base force-torque gty on a the link B is

by definition the generalized force where the first six elements are given by
f% and joint part is equal to zero:

The generalized force expressed w.r.t. another base link D is given by:

B T BBrx
_ B/B _ pX Osxny | | 15 1 pX BB
I'p/p=p/pT"""I'p/p= [(DSDB)TDXB ] [0 ] [(DSD’B)TDXBfE

1nJ nx1

The first six elements of the transformed generalized torques represent the
external force-torque fi, but expressed with respect to the origin of D rather
then the origin of B. The last n elements are instead a form of external
joint torques, and they are non-zero only for the joints on the path from B
to D. It is important to note that contrary to the case of fixed base robots,
the external joint torques depend on the floating base, and, consequently,
they do not describe any meaningful base-invariant physical quantity.

3.9 System state transformation providing centroidal
dynamics

In the humanoid robotics literature, it is widespread to control as primary
task the position of the center of mass [Ott et al., 2011] and to minimize the
angular momentum of the robot [Orin and Goswami, 2008, Orin et al., 2013,
Dai et al., 2014, Herzog et al., 2016, Lee and Goswami, 2012, Koolen et al.,
2016]. For analysis purposes, it is then convenient to include the center of
mass in the state representing the robot position [Ott et al., 2011, Nava
et al., 2016]. Such an inclusion can be expressed as a change of variables
using the formalism discussed in the previous sections. Expressing such
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change of variables in the proposed formalism simplifies the computation of
the system dynamics in the new state.

As detailed in the next subsection, the state transformation equations
given by using a generic base frame rather a base frame rigidly attached
to a link are simpler when using the mixed representation. Furthermore
the works related to multi-task control and centroidal dynamics typically
use the mized representation. For this reason in this section we will prefer
to use the mixed representation, with the following simplified notation to
improve the readability of the section.

Simplified Notation, valid for Section 3.9

A Inertial frame.
B := B[A] Frame with the orientation of the inertial
0 frame A and with the origin at the origin
of frame B.

clA]
Vo= [ vaC

Robot velocity using the mixed velocity of

5 C' as the base frame.
Mec == Mcycpa Mass matrix using C' as the base frame
and the mixed representation for base
L quantities. ]

3.9.1 Frames not rigidly attached to a link

So far, the base frame transformation was meant to be between a frame B
and a frame D, and both of these frames were assumed to be attached to a
physical link. This assumption, however, is not strict. As a matter of fact,
we can assume that the base frame D is a frame whose origin is that of a
frame E, and whose orientation that of a frame F’:

E[F| ._ (A _ ([*Rr “og 379
q A ( E[F}?S) - 03><1 O 78 * ( * )
Then, the associated generalized robot velocity is given by:
A .
AO'E ' OF Y
VEIF) = | Ay, p| = (A LpA R;) (3.80)
s $

The new base velocity reflect the different choices of the base position
variables. The Jacobian of the velocity of a frame defined in such a com-
pound way is simply given by the combination of the linear part (first three

61



rows) of Jg g, indicated with Jla 5 € R3*(6+7) and the angular part of (last
three rows) of Jp g, indicated with J§ 5 € R3x(6+n).

Jl
Jer,B = [JE’B] : (3.81)
F.B

Note that the property of (3.81) be the simple stacking of the linear and an-
gular Jacobians is a consequence of the use of mized velocity representation.
Indeed the equivalent jacobians using the inertial or body-fired representa-
tion are related in a more complex way to the Jacobians of frame F and
F.

From (3.81), one obtains the transformation matrix #F1T5 to be used
in a base variable changed defined as in :

Hr = " Hp(py "5 = [ Jrir5 ] : (3.82)

06Xn 1an

3.9.2 Recalls on centroidal dynamics quantities

To properly define the centroidal dynamics, it is convenient to define a frame
G whose origin is the center of mass of the multi body system, and whose
orientation is that of the inertial frame A. Note that the use of G is an abuse
of notation, as we do not define an orientation for frame G (see Figure 3.2).

Then, the total momentum and the composite rigid body inertia (CRBA)
of the system expressed w.r.t. the G frame are given by:

B c B_,CB
h = 5XP5h, gl¢ = gX PRI x4, (3.83)

In the robotics literature, these quantities are known as Centroidal Mo-
mentum and as Centroidal Composite Rigid Body Inertia (CCRBI) [Orin
et al., 2013], respectively. The structure of these centroidal quantities is the
following [Orin et al., 2013] :

A.
L |mc ¢ _ |mlsxs Osxs
T PR o R

with m € R the total mass of the robot, 4¢ € R? the center of the mass of the
robot expressed in the inertial frame, 7h® € R3 the total angular momentum
and LY € R3*3 the locked 3D inertia of the robot , both expressed in G.
Given a base frame B, note that the matrix Ag g € RO*(n+6) that mul-
tiplied by the generalized robot velocities vector v? gives the centroidal
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momentum can be easily obtained from the floating base mass matrix. In
fact, by combining (3.56) and (3.83) one has:

ch=Acpr®, Agp=gXP [5I° Fsl. (3.85)

The Ag p matrix is known as the Centroidal Momentum Matriz [Orin
and Goswami, 2008, Orin et al., 2013].

3.9.3 Average 6D Velocity

In the humanoids whole-body control literature, it is common to define the
average 6D velocity v of the robot as [Orin et al., 2013]:

1 A A -
vo = (gl9) 'gh = [(géﬁ”‘_lﬁl} = [wﬂ . (3.86)
By definition, the linear part of the average 6D wvelocity (i.e. the first
three components of v¢) is simply the velocity of the center of mass of
the system. Its angular part (i.e. the last three components) is called the
average angular velocity weg [Jellinek and Li, 1989, Essen and Essén, 2004,
Morita and Ohnishi, 2003], even if this name is an abuse of the term angular
velocity because wg is not defined as the angular velocity of an orientation
frame. In fact, a rotation matrix R(s) € SO(3) such that R(s)R(s) = w)
exists only for a limited class of multibody systems [Saccon et al., 2017].
The average angular velocity has a precise physical meaning if a multibody
system is evolving without external forces acting on it. If a generalized
impulse blocks all its joint motions instantaneously, the resulting rigid body
would evolve with an angular velocity wg. For this reason, wg is also known
as the locked angular velocity in geometrical mechanics literature [Marsden
and Scheurle, 1993].
The relationship between the generalized robot velocities vector v® and
the centroidal velocity vg can be easily obtained by combining (3.85) and
(3.86):

-1 -1 B
ve = (519 Agpv® = (gI°) gXP [5I¢ FplvP =

. L
“Xp (&9 @XBFB} v

Noting that this matrix has the same structure of the floating base jacobian
(3.48), we borrow the notation we use for the Jacobians of links, even if vg
is not defined as the mixed velocity of a well defined frame. So, we define
Ja,p and Sg p such that:

vY = JgpvP, (3.87)
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JG,B = éXE SG,B:| = |:6X§ (é[c)_léXEFB] . (388)

3.9.4 Centroidal change of variables
Including the center of mass in the robot state

For the sake of including the center of mass in the multibody dynamics, we
can define a new robot position as follows:

¢“Bl = (A¢,"Rp, s). (3.89)
This implies that:
A¢
LGBl — V@Bl | _ (ARBARE)V . (3.90)
$ $

The corresponding transformation matrix is given by, as explained in
subsection 3.9.1:

!

Ja1p) 5 (3.91)

GBIy =
03x(34n)  1(34n)x(34n)

where JZG[ BB is the center of mass jacobian, i.e. the matrix such that

A l
Cc = JG[BLBZ/B'
Note that this is also equal to the first three rows of (3.88), i.e. Jé[B] B =

Jé} - The change of base introduced by GIBITg is the one used in [Ott et al.,
2011].

Block diagonalization of the mass matrix

Using the definition of average 6D velocity of the multibody system, we can
define a centroidal generalized joint velocities vector in which we combine
the average 6D velocity and the joint velocities :

VO = [Vﬂ . (3.92)

Let us remark (again) that there is no such thing as a G frame: the notation
v is an abuse of notation. In particular, it does not make sense to write ¢ :
the change of variables induced by the use of the average 6D velocity is only
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Fig. 3.2 Graphical depiction of frames A, B, G[A] and G|[B] for an example
two legged robot.
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a change of variables in the velocity space, while for the position space it is
usually convenient to continue to use the @B position introduced before.

The mapping T from the floating base generalized velocities 2 to v
has the same structure of the change of variables introduced in (3.59):

Gy_
VG =OTpB, OTp = [ Xp  Sas } . (3.93)
07LJ><6 17LJXTLJ

This induces a change of variables also on the generalized robot forces, as
detailed in (3.72), i.e. :

TP =157 = (3.94)

§X§ o OGX?’LJ
_Sg,BéXB 1nJ ‘

Using the transformation T in (3.60), one can obtain the equations of
motion with (¢CB], 1%) as state, i.e. :

JC1B) — ( Auh (V) Rp AC'] S>

O3x1 0
i 0
Ma(¢PBNiC + Ca(q®B), v + G = [ 6:1} + ngcff, (3.95b)
Leg

(3.95a)

where 4w4 p(v?) is the angular velocity of the link B as a function of the
centroidal generalized joint velocity vg.

The equations of motion (3.95b) incorporate in the first six rows what
is usually called the centroidal dynamics, together with the joint dynamics
in a single set of equations of motions. The specific features of such a
representation of the equations of motion are highlighted in the following

theorem, and they have been already exploited in [Nava et al., 2016].

Lemma 3.11. For the equations of motion given by (3.95b), the following
results hold.

1. The (centroidal) mass matriz Mg has a block diagonal structure, i.e.

mls 03x3 03xn,
Mg (")) = | 0333 LE(q7P)) 03, (3.96)
O3x3  O3xz  Hg(s)
where m € R is the total mass of the system, L€ € R3*3 is the locked
3D inertia matrixz of the system expressed in the center of mass and
with the orientation of the absolute frame A and Hg(s) € R™ ™ is the
centroidal joint mass matriz.
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2. The (centroidal) gravity term G is independent from the robot state
and has the following structure:

Ga= | O3 (3.97)
OTLJXl

where g € R? is the gravitational acceleration expressed in the frame

A.

3. Assuming that Property 3.4 holds for Mp and Cp, the (centroidal)
coriolis matriz Cqa has a block diagonal structure, i.e. :

0 0
G[B] , G\ _ 3x3 J3x(n+3)
CG(q , V ) 03><(n+3) Cg;](qG[B], VG) (3.98)

where Cg(qG[B},VG) e RETM*G+1) s the centroidal coriolis matriz
for the angular and joint part of the dynamics.

The proof for Lemma 3.11 is provided in Subsection 3.10.2.

3.10 Proofs

3.10.1 Proof of Theorem 3.3

1. First, notice that the time derivative of (3.59) yields:
v="Tv+Tv. (3.99)

Then, the equations of motion (3.60) can be obtained by substituting v
obtained from (3.99) into (3.57), by substituting v obtained from (3.59)
into (3.57) and by multiplying the obtained equation times 77

2. In view of (3.49), i.e.:

1
k= EVTM(q)Va

and of 7 = T'v one has :
1
k= 5IJTT*TMT*%.
From which we obtain that the kinematic energy is also given by:

1 - -
k= §~TM5, M=T"TmT".
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3. The simmetry and positive definiteness of M follow from the expression
of the kinetic energy given in the previous step.

4. The condition that M — 2C is skew-symmetric is equivalent to the
condition that M = C + CT.. So, we will demonstrate that M — C —

ct = O(n+6)><(n+6) implies M-C-CT= O(n+6)><(n+6)- Let us write
M — C — CT using (3.60a) and (3.60b), i.e. :

M—C—CT =
d : d
= (TYMT '+ T "MT + T "M— (T7)
dt dt
M
d
-7 'M— (7Y -1 TcT?
7T
-
d =T -1 T ~Tp—1
- (r—"ymr—'-1"C'T
_CT
We can then write:
M—C-CT =

T (M-C-CT) Ty

i -T -1 _ i -T -1
o (T~")MT 5 (T )MT™" +
T i -1\ _ 4T ﬁ -1
+TMdt(T ) TMdt(T )

Using the hypothesis that M — C — CT = 0(n+6)x(n+6) We can then
conclude that M —C — CT = O(n+6)x (n+6)-

3.10.2 Proof of Lemma 3.11

1. The centroidal mass matrix can be obtained by applying (3.93) to (3.60),
ie. :
Mg = cTBMBPTe. (3.100)
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By exploiting the structure of Mp and T in (3.54) and (3.94), and
recalling that zX B _B Xg one has:

aXB 06><TLJ

5l¢ Fg|[PXxz; S
Mg = {B } [ G B.G 1 £3.101a
SE,G 1nJ><nJ Fg Hp 06><nJ 1nJ><nJ jé )
B_[CB B(_jC
_ | @XTRIPXg gXP (B! SB,G+FB)( 101b)
<5g,G§IC + Fg) P Xg Hg '

with Hg = SL 5196 + Sk oFp + F5Spa + Hp -

In view of (3.83) and (3.84), then éXEEICEXé can be written as the
centroidal composite rigid body inertia, i.e. :

B_;CB c _ |mlsxs O3xs
cXTHI P X =5l = 032) LXC] . (3.102)
Using (3.88), it is possible to write Sp ¢ as:
Vel -1

Substituting (3.103) in the off-diagonal terms of (3.101b) it is possible
to show that the off-diagonal terms are equal to Ogx,.

. Exploiting the gravity generalized forces structure given by (3.60c¢)
and the structure of Mg given in (3.96), we can write G¢ as:

Ag —mAg
Gg = —Mg |03x1| = | 03x1
Onxl Onxl

. From the structure of the centroidal dynamics (3.95b), and from the
Newton equation m4é—mAg = Yoree Af + we have that the Cg matrix
has the following structure:

O3x3 O3 (n43)
CgﬁDiag ng . (3.104)

From the assumption given by Property 3.4 that (Mp — 2Cp)T =
(2Cp — Mp) by applying Theorem 3.3 we obtain that:

M,
Co+CL = TG (3.105)
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Plugging the the sparsity patterns (3.104) and (3.96) in the (3.105),
extracting the top left 3 x n subblock one obtains that:

\T
O35 (n+3) + (ngﬁDlag> = 03%(n+3)

from which:
D
C% 8 = O(n43)x3-
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Chapter 4

Contact Force-Torques and
Internal Torques Estimation

4.1 Introduction

In this chapter we will discuss the techniques for whole-body external force-
torque and internal torques estimation developed to endow the iCub robot
with torque-control capabilities. The developed techniques solved both the
problems of external force-torque and joint torques, while the problem of
identifying the location of the external force-torque is solved using the dis-
tributed tactile system available on the iCub robot.

This chapter extends the results presented in [Fumagalli et al., 2012, Del
Prete et al., 2016] and [Del Prete et al., 2012] to the whole-body case. A
key idea exploited in this chapter is that the rigid-body dynamics expressed
w.r.t. to the proper sensor acceleration is particularly well suited for force
estimation, as the linear part of the proper sensor acceleration is exactly the
output of an accelerometer mounted at the origin of the link.

The chapter is structured as in the following. A brief state of the art of
how this estimation problems have been solved in the past is presented in
Section 4.2. Section 4.3 describe the different sensors used in the estimation
algorithms. Section 4.4 discuss the estimation of the net force-torque for
a single rigid body. Section 4.5 introduces the algorithm for estimation of
external force-torques of multibody system equipped with internal force-
torques sensors. Section 4.6 discusses the estimation of joint torques, while
Section 4.7 discusses the estimation of six-axis force-torque sensor offsets.
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4.2 State of art

4.2.1 Joint torques estimation

Strain gauge-based direct sensing of joint torques is one of the main meth-
ods used to obtain joint torque feedback [Wu and Paul, 1980, Luh et al.,
1983]. Using this approach, the output shaft of the transmission of the mo-
tor system is modified to include a strain gauge, that is used to measure the
deformation in the shaft due to the torque transmitted by the shaft to the
system. The weak points of this techniques are the additional complexity
added in the manufacturing of the motor group [Randazzo et al., 2011] and
the fact that strain-gauge sensor are quite sensitive to forces that exceed
they sensing range.

Another popular technique to estimate joint torque is the use of so-
called Series Elastic Actuators (SEA) [Paine et al., 2015]. In SEAs, a linear
compliant element (a “spring”) is inserted in series after the transmission
output shaft. Optical or magnetic encoders are mounted before and after the
compliant element to measure its deformation, that is proportional to the
transmitted torques. With respect to strain-gauge based techniques, there
are two main advantages. The first one is to exploit explicitly designed
compliance rather then the implicit compliance of the shaft, and the second
one is to rely on optical or magnetic transducers, that are more robust then
strain gauges. A drawback of SEAs is that while the additional compliance
is convenient for torque measures, it may be a limitation for higher level
controllers, not explicitly design to deal with a compliant system. For this
reason the compliance level of a SEAs unit is tipically a tradeoff between
the softness required for the torque measure and the rigidity required by
classical high level controllers.

An alternative to SEA-based torque estimation is to estimate the torque
transmitted by the trasmission by measuring directly the deformation of the
trasmission, rather then of a specifically designed elastic elements. In [Zhang
et al., 2015] in particular the authors use a pair of encoders to measure
the deformation in a Harmonic Drive. With respect to classical SEA-based
techniques, in the trasmission-based estimation the compliance model of the
trasmission is not simply linear, but it is more complicated.

All the discussed techniques until now (strain gauges mounted on the
shaft, SEAs, trasmission-deformation) rely on specific hardware to measure
the deformation of part of the motor group. Adding this specific hard-
ware can be too costly, or simply unfeasible if a robot was already designed
without any concern for torque control, as it was the case for iCub. An
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alternative is to estimate the joint torque from the motor input voltage or
current, inverting a given model of relationship between the input variable
of the motor and the output torques. This is feasible for low gear ratio
motor groups as in [Wensing et al., 2017], but in classical robot system
equipped with Harmonic Drives the effect of friction effects degrades the
torque estimation quality.

In this thesis we will present a technique for estimating the joint torques
without any motor level sensor, but relying instead on six-axis force-torque
sensor embedded in some of the robot links, as initially explored in Fumagalli
et al. [2012].

4.2.2 External force-torque position estimation

In general, external force-torques are exchanged over a surface at the inter-
face between the robot and the environment, the so-called contact surface.
Estimating the contact surface is important mainly because it can be used
by the robot to produce forces are prevent the contact to be broken.

[Del Prete et al., 2011] considered the problem of estimating the position
of an external contact assuming that the contact generates a pure force (i.e.
null torque) and its effects are sensed with a force/torque sensor embedded
in the robot structure (e.g. at the robot base). The estimation relies on the
classical force transformation principle [Siciliano et al., 2009, Section 3.8.3]
according to which the spatial transformation of a pure force generates a
torque equal to the cross product of the application vector and the applied
force. Estimating the application vector (i.e. the contact location) boils
down to a linear least squares which identifies a unique solution if at least
two non collinear forces. The proposed procedure allows the calibration of a
tactile array. In [Manuelli and Tedrake, 2016] the authors propose to solve
two problems simultaneously: contact location on the one hand and exter-
nal force estimation on the other. To reduce the associated computational
complexity, the two problems are separated to exploit the fact that the force
estimation problem is convex if contact locations are known. The proposed
estimation problem is solved with a particle filter.

In this thesis, we will not presnt techniques for estimating the position
of an external force-torque, as we rely on a distributed tactile system such
as the one present in the iCub robot Maiolino et al. [2013], Del Prete et al.
[2011].

73



4.2.3 External force-torque intensity estimation

[De Luca et al., 2006] proposed an approach to estimate the effect of ex-
ternal forces from joint torque measurements. Their approach is based on
the definition of a dynamic quantity, the residual, which acts as a collision
identification signal. Its has two main features: first, it can be computed
from the motor torques and the joint positions and velocities; second, its
dynamics are governed by a linear differential equation and therefore the
residual is zero if no external contact force is applied to the manipulator.
[Magrini et al., 2014] proposed a contact estimation strategy which is based
on the residual concept proposed by [De Luca et al., 2006]. The estimation
of the contact location relies on a Kinect to detect the human posture and
on a robot three dimensional rendering to predict possible contact location
on the robot surfaces. Given the contact location, a least-square estima-
tion is proposed to obtain the contact force magnitude and direction via
a Moore-Penrose pseudo-inverse computation. Only the force components
which do not lie on null space of the contact Jacobian can be estimated and
this is a limitation of the proposed approach. [Jacheung Park and Khatib,
2005] considered the problem of estimating contact forces assuming a spring
contact model for the external forces. A classical task-space inverse dynam-
ics controllers is adopted to control contact forces. The proposed estimation
technique, named Active Observer (AOB), consists of a Kalman filter for
estimating the difference between the input command force and measured
output force. [Petrovskaya et al., 2007] extended the AOB estimator in
[Jaeheung Park and Khatib, 2005] to include the geometric model of the
interaction. In particular, the proposed approach defines a probabilistic
model of the robot and the environment. The estimation strategy aims at
estimating the position of the contact point on the robot, while maintaining
constant the model of the environment. Estimation is limited to the single
contact case even if experiments include some multi-contact scenarios han-
dled with compliant exploration strategy described by [Jaeheung Park and
Khatib, 2005].

In this thesis we present techniques for estimating the intensity of a
group of external force-torque in the whole-body case relying on a distributed
tactile system and on six-axis force-torque sensor embedded in some of the
robot links, as initially explored in [Del Prete et al., 2012]. As we assume
that no joint torque measurement are available, we cannot use any residual-
based technique.
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4.3 Sensor Models

In the previous chapter, we presented the theoretical background underling
the dynamics of multibody systems. In this section we will do a brief review
of all the sensors that will be used in this and in the following chapters, and
their relationship to the quantities that we defined in the previous chapters.
For a detailed description of the underling physical principles, the interested
reader is referred to [Doebelin, 2003, Chapter 4].

4.3.1 Joint Sensors
Six Axis Force Torque Sensor

In the following, we will always model a six axis force torque sensor as a
fixed joint, that connects the two sides of the sensors. This choice has the
convenient condition that all the inertial information necessary to describe
the sensor are still stored in the model description introduced in Chapter 3.
Under this assumption, to fully describe a force-torque sensor we need the
following information: the fixed joint of which the force-torque sensor mea-
sure the transmitted force-torque, the frame in which the force-torque sen-
sors is reporting its measure, and the applied body on which the measured
force-torque is assumed to be applied. For example, if two bodies B and D
are rigidly attached by a fixed joint, and gfp p is the force-torque applied
by B on D, the measure force-torque is given by:

yer = 08,05 X B D (4.1)

where the constant op p € {—1,1} accounts for the direction of the mea-
sured force-torque.

Remark 4.1. In the next chapters, we will assume that joint-related quan-
tities such as joint positions s, joint velocities $ are measured. As the defi-
nition of these quantities is rather unambiguous given a multibody definition
as in Chapter 3, we will not discuss their definition in detail.

4.3.2 Link Sensors

All the sensors in this subsection are assumed to be rigidly connected to a
body, whose frame is indicated with B. Furthermore the sensors are assumed
to be mounted such that they report their measurement in a frame S, rigidly
attached to the body, while A indicates as usual an inertial frame.
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3D Accelerometer

A 3D accelerometer is a sensor that measures the linear part of the proper
sensor acceleration of frame S, as described in Subsection 2.4.4:

Yacc = SRAA55' - SRAAQ (42)

Note that this definition is actually independent from the assumed inertial
frame A.

3D Gyroscope

A 3D gyroscope is a sensor that measures the 3D angular velocity of the
sensor frame S:

Yayr = “was = (AREARs)Y (4.3)

This measurement can identified simply as the angular part of the left-
trivialized velocity of the sensor frame S w.r.t. to an inertial frame A:

Yoyr = [03x3  13] “vas = “was. (4.4)

3D Magnetometer

The 3D magnetometer is a sensor that measures the magnetic field intensity
in the sensor frame. In typical application scenario, it is assume that the
measured magnetic field is the earth magnetic field 4b € R?, a quantity that
can be assumed constant in the absolute frame A:

Ymag = “Ra’b = “RpPRA™D. (4.5)

Inertial Measurement Unit

An Inertial Measurement Unit is a compound sensor in which a gyroscope,
an accelerometer and possibly a magnetometer are packed together to es-
timate the orientation of the sensor frame w.r.t. an arbitrary earth-fixed
inertial frame Apyuy. The output of the IMU estimation is then an orienta-
tion, that can be expressed using Euler Angles, Quaternion or some other
representation of SO(3). Assuming that we consider the output of the IMU
to be directly a rotation matrix, we have:

ymu = MU Rg = AMUR4AREP Ry (4.6)
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It is important to stress that in general the inertial frame Ay used by
the IMU may be different from the one used in the rest of the analysis.
The constant 4™MUR 4 must be properly taken in account when designing
algorithms that use the output of one or more IMUs.

Remark 4.2. The force-torque sensors, the gyroscope and accelerometer op-
erating principle is actually always based on deformation or vibration: while
this may seems a violation of the basic assumption of rigid body systems, the
point is that the dynamics of such part of the systems is usually negligible
w.r.t. the dynamics of the multibody system. For example, for a humanoid
robot with a total mass of the order 10> Kg where even smallest links have a
mass in the order of 1072 Kg, the proof mass of an accelerometers sensors
can be in the order of 10710 Kg [Andrejasic, 2008].

4.4 Estimation of the net force-torque

4.4.1 Example: rigid body external force-torque estimation

Imagine that you have a rigid body B attached to a bigger structure through
a force-torque sensor and subject to an external force-torque due to the
interaction with the environment, as depicted in Figure 4.1. Assuming for
simplicity that the force-torque sensor returns the constraint force in the
body frame B, we have from the rigid body dynamics of the body expressed
w.r.t. proper sensor acceleration:

O3x1 | -« 03x1
g9 _ X S
BMBO‘AB + [BWA,B] X BMB |:BWA B:| = Bf + Bf (47)

)

So, assuming a perfect model and the knowledge of the inertial param-
eters of the body, and measurements of alg& B BwA7 B and pf® at a given
instant, we can estimate the external force-torque pf” as:

O3><1 ok O3><1
T g _ s
Bf = BMBaA’B + [B :| X BMB [B ] Bf (48)

) )

. . . 0 - 0
Conveniently, in this formula the term Ma¥, 5+ [B(j;’l } X*sMp [Bj:,lB}
is the only one that depends on acceleration, velocity and the inertial pa-

rameters of the body. For convenience, we will indicate this term as:

B.g B . g O3x1| o« O3x1
ay p,Cw = gMpa + X" pM 4.9
B9B(" ) g, wap) = pMpaj p [wA B} BMp [BwA B} (4.9)

) i
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Fig. 4.1 Graphical rappresentation of equation (4.10).

In the following we will omit the dependency on the proper sensor accel-
eration and on the body angular velocity and simply indicate this as g¢pg.
An interpretation for the physical meaning of p¢p is that is the sum of all
the force-torque acting on body, both the external ones and the one due
to interaction with the other bodies in the system, minus the gravitational
force-torque. Even if this term does not include the force-torque due to grav-
ity, to simplify the nomenclature in the following will call it net force-torque
acting on the body B.

Using the definition of net force-torque, the external force-torque esti-
mation can be compactly expressed as:

sf* = pop — Bf* (4.10)

The net force-torque g¢® of body B depends on the inertial parameters
of the body B, the proper sensor acceleration and on the body angular ve-
locity. In this chapter, we assume that the inertial parameters of the body
are perfectly known. Techniques to estimate those parameters are discussed
in Chapter 6 and Chapter 7.

If these inertial parameters are assumed to known, then the net force-
torque estimation boils down to estimation of the proper sensor acceleration
O‘%,B and on the body angular velocity BwA,B.
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4.4.2 Sensor based estimation

Beside the inertial parameters, to compute the net force-torque it is nec-
essary to estimate the proper sensor acceleration ozfﬂh g € RS and the body
angular velocity BwA,B € R3. In an ideal case, we would want to have
a linear accelerometer, and angular accelerometer and a gyroscope rigidly
mounted on the body, all reporting their measurements directly in the body
frame B. However, typically this is not the case. Firstly there could be
an offset between the sensor frame S and the body frame B. Secondly, an-
gular accelerometers are not tipically available as off-the-shelf component,
and so the information on the angular acceleration is typically obtained by
numerical derivative of the gyroscope output. Another strategy used to deal
with the absence of direct angular acceleration feedback is to simply ignore
the angular acceleration contribution to the net force-torque, assuming its
influence in the overall dynamics to be negligible.

Assuming that one of the above strategies was used to compute “w A8,
we will have a proper sensor acceleration azg& g and an angular velocity ex-
pressed Sw A5, and we want to transform them in the frame B, in which the
rest of the model information (such as inertial parameters and joint infor-
mation) is expressed. From the definition of sensor acceleration and from
the propagation rules for mixed acceleration (3.6) we have that:

Pwap ="Rs%wa s, (4.11a)
B,,A B, A B
w w 0s
o p = BXsaf g+ A’Bogxf’B : (4.11Db)

4.4.3 Kinematic based estimation

In humanoid robotics, it is actually unusual to have more then one IMU
mounted on the robot. Typically only one IMU is mounted on one central
link of the robot, and information on the angular velocity and proper sensor
acceleration of all the other links can be obtained through kinematic prop-
agation, using information about joint velocity $ and acceleration §. This
information can be obtained thought high-frequency numerical derivation of
high-precision joint encoders.

Under this assumption, we can compute recursively the angular velocity
and proper sensor acceleration, considering the base link B to be the one in
which the IMU is available. In particular we assume that we can compute
o 5 and Pwy p for the link containing the IMU using equations (4.11).
Th’en, given an arbitrary link L, its sensor proper acceleration and body
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angular velocity can be computed from (3.7) and (3.4a):

LwA,L = LRB(S)BwA,B + LwB7L(s, $),

= LXB(S)C“%,B +ap,(s, $,8)+ (4.12)
_LRB(S) [Q(BwAyB X BOL(S,é)) + BwA’B X (BwAyB X BOL(S))(]KI}lﬁ)
L (LRB(S)BWA,B)ALWBL(S,S)

:LXB(s)ai’B—i-aB,L(s,é,[é)—i— (4.14)

roL B, A
2 RBo(igwA’B LRB?;%)X;%,B} et (4.15)
-LRB(S)[BQ)AB X (BwA,B X BoL(s))q
L 03x1

where LRp(s), Y Xp(s), Lwp 1.(s, $), Bor(s, (s)) and ap,L(s,$, ) are given by
the relative forward kinematics.

4.4.4 Hybrid estimation

It only a nyyp out of ny, links of the of the robot are equipped with IMUs,
it is possible to mix the two approaches by splitting the multibody system in
nypu submodels, each of it containing several connected links, of which only
one is equipped with an IMU. For all other links in the subgraph, the net
force-torque of each link can be computed by propagating the the kinematic
information using the joint information, using the equations presented in
the previous subsection.

4.5 Multibody External Force-Torque Estimation

4.5.1 Force-Torque Sensors Induced Submodel Decomposi-
tion

In this section we consider the generalization of single-body external force-
torque estimation depicted in Fig 4.1 to the multibody case, depicted in
Figure 4.2.

For exploiting the measures of internal force-torque sensors, it is con-
venient to consider independently each submodel induced by cutting the
multibody-model along the fixed joints that contain an internal force-torque
sensor. If we have n force-torque sensors, we can define n + 1 submodels.
We indicate with 9 the set of different submodels, with sm € 9T a specific
submodel, and with £, the set of the links belonging to submodel sm.
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Furthermore, for each link L € £, we indicate with J,,(L) the set
of links that are connected with L in the full model, but that belong to a
different submodel, i.e.:

(L) :={D e L |{L,D}cIAD ¢ L4} (4.16)

4.5.2 External Force-Torque Estimation

In the following, we will use this assumptions.

Assumption 4.1. The contact surface and the link to which it belongs of
the external force-torques are both known, either from a-priori assumptions
or from the measurements from a distributed tactile skin. The a-priori as-
sumptions or the skin do not provide information on the intensity of the
external force-torque.

Assumption 4.2. The net force-torque r¢r, of each link is assumed to be
known, estimated using one of the techniques described in Section 4.4.

Property 4.1. Given a link L € £ the relation between the net force-torque
LoL, the net external force-torque {5 and the joint internal force-torques is
given by:
Lo = L} + Z Lip.L. (4.17)
DeX(L)

This equation is just a generalization of (4.7) to all the forces interacting
with a given link in a multibody system.

A similar result holds for the multibody system as an whole, as stated
in the next Proposition.

Theorem 4.1. Given a multibody system in which the external force-torques
are acting on only a subset of the links € C £, the sum of all the net force-
torques of each link is equal to the sum of all the external force-torques acting
on the multibody system, provided that all quantities are transformed in a
common frame B, i.e. :

Y pXFroL=> pXFLff. (4.18)
Leg Le¢

The proof of this theorem is given in Subsection 4.8.1.
With respect to the single body case using Theorem 4.1 we can only
estimate the sum of all the external force-torque acting on the multibody
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Fig. 4.2 Example of a multibody system with internal six-axis force-torque
sensors. Measured force-torques are indicated in green, while unknown con-
tact force-torques are drawn in red. There are n = 5 force-torque sensor in
the system, that is then decomposed in n + 1 = 6 submodels for external
force-torque estimation.
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system. However it is typically of interest to estimate the intensity of each
contact force-torque independently from the others, for example for force
control. On the other hand, we need to use in some way the information
coming from the force-torque sensor, that measure internal force-torque, to
estimate external force-torque.

A way of obtaining an equation similar to Theorem 4.1 that contains
the available sensors measures, is to split the multibody model in several
submodels, along the joints in which force-torque sensors are mounted, as
described in Subsection 4.5.1. We can then apply Theorem 4.1 to each
submodel sm € 91, that we can rewrite as:

Z BXLL¢L: Z BXLLff—I— Z Z BXDDfD,L. (4.19)

LELom LE(€NLsm) LELsm DTy (L)

The term ZLGESM ZDe:lsm(L) BXDDfD,L represents the effect on the
submodel of the force-torques transmitted by the six-axis sensors. For a
given force-torque sensor embedded in the joint {D, L} € J, the value of
pfp,, can obtained from the sensor measurement ypr by inverting equa-
tion (4.1):

pfp.r = pX%op ryrr. (4.20)

In the rest of the chapter we will assume that the joint force-torque
pf{p,ry is always available for each joint in which a six-axis force-torque
sensors is mounted, without manually indicating its value from equation
(4.20).

Given a submodel sm € 9, if we assume that on the submodel the exter-
nal force-torques are acting only on a single link called C (i.e. (€ N £4,,) =
{C}) then this external force-torque can be computed exactly from (4.19)

as:
off= > oXlror— > > oXPpipy. (4.21)

LeLom LeLsm DEDsm (L)

4.5.3 Estimation of external forces acting on multiple link in
a submodel

If the external forces are acting on more then one link, the estimation prob-
lem given by (4.19) is indeterminate, as the number of unknowns is greater
then 6, the number of given equations. A possible solution in this case is to
solve the equation in the least-square sense as proposed in Del Prete et al.
[2012], but in this case there is no guarantee that the resulting estimated
force-torques are the “real” ones. In this sense, the least-square estimation
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should be seen as fallback solution, rather then a sound estimation tech-
nique.

4.6 Joint Torques Estimation

Once we obtained a set of external force-torques, a strictly related problem
is how to estimate the internal torques, i.e. the component of the inter-link
forces acting along the degree of freedom of the joints. The joint torques
estimation is crucial because this quantity is directly related to the motors
that are actuating those joints, and the input to the motors is in the end
the ultimate control input available in robots.

We have that the torques of the joint connecting links £ and F' are just
the projection of the joint force-torque on the joint motion subspace:

rery = spr rfor) = (Psep, plen) . (4.22)

The joint torque estimation problem is then solved if an estimation of the
joint internal force-torque is available. The internal force-torque estimation
problem has a trivial solution using the following property.

Definition 4.1. A set of estimated net force-torques ¢, L € £ and of
external force-torques ff, L € £ is consistent if they follow equation (4.18).

Property 4.2. The outcome of the estimation of force-torques algorithm
presented in Section 4.5 is always consistent, as defined in Definition 4.1.

Given a set of net force-torques for each body and a set of consistent
external force-torques, all the internal joint force-torques are totally de-
termined. In particular, the internal force-torque can be written in two
equivalent ways:

rier=—plrE (4.23a)

rlpr= Z X5 (por + L) (4.23b)
Levp(F)

etre= Y BX"(LoL+ Lf]) (4.23¢)
L€7F(E)

where v (F') is the set of the links belonging to the subtree starting at link
F, given E as a base link, defined originally in Definition 3.9.

The two sums are equivalent thanks to the fact the the net force-torques
and the external force-torques are consistent.
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Combining equations (4.23) and (4.22) is is possible to estimate the joint
torques using net force-torques as estimated in Section 4.4 and external
force-torques estimated in Section 4.5 :

EF} = <FSE,F7 Z PX" (1oL + Lff)> = (4.24a)

Levyp(F)

— <ESF,E, > wX" (oL +Lff)> . (4.24b)
Levr(E)

Note that (4.24) is just an alternative formulation for the line of (3.64)
relative to T r}, and it is usually computed using the algorithms for com-
puting Inverse Dynamics [Featherstone, 2008].

Relying on (4.24) for internal force-torque estimation may seem risky, as
it create a dependency of the torques on the net force-torque and external
force-torque of the link of all the robot, and this could be be subject to
accumulation error. In the next theorem we see how most of the torques
computed as in (4.24) are actually function of a much more “local set of
measurements”.

Theorem 4.2. Assume that:
e (E,F) is a 1-dof joint,

(G, H) is a fized joint that contains a force-torque sensor,

F is closer to G then E (i.e. G € vg(F)).

the path connecting (E, F) to (G, H) is branchless,

the path connecting (E,F) to (G, H) is free of external force-torques
and other force-torque sensors,

e F F and G belong to the submodel sm € .

Then T¢p ry given by (4.24) can be equivalently written as:

T(EF}) = <FSE,F7 Z rXtror + FXGGfG,H>- (4.25)
YE(F)NLsm

Remark 4.3. This means that the torque estimate is just a linear function
of the force-torque sensor measure and of the net force-torque of a a limited
set of links, the one connecting the joint {E, F'} to the joint {G,H}. This
ensure that any error in all the other force-torque sensors measurements or
i the estimation of net force-torque of all the other links in the robot will
not influence the estimation of T ry.
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Fig. 4.3 Example of torque estimation.

4.6.1 Example of torque estimation

Let’s focus on the upper part of the model depicted in Figure 4.2, depicted
in 4.3.

As explained in this section, the joint torques can simply be estimated by
(4.24), i.e. inverse dynamics, once a consistent set of net force-torques and
external force-torques have been estimated. However, it is interesting to see
on which measurements the estimate of the joint {F, F'} actually depends
on, using Theorem 4.2. In this case we have that £,,, = {D, E, F,G} and
vE(F) N Lsm = {F, G}. Writing (4.25) in this specific case we have:

rery = ("spr. ror + rPXcoc + PXctan), (4.26)

where ¢fq i is obtained directly from the force-torque sensor measurements.
In the end the estimates of the joint ;g y depends only on the net force-
torque of links F' and G (ror, coc), on the measurement of the position of
joint {F,G} and its geometrical model (X©) and on the measurement of
the nearby force-torque sensor mounted on joint {G, H} (gfg ). Then, all
other estimation errors that could be present on the robot do not affect the
estimate of 7(g py, even if they are present in equation (4.24).
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4.7 Six-Axis Force-Torque Sensors Model-based Off-
set Calibration

As will be described in detail in 5, the six-axis force-torque sensors bias needs
to be determined during the startup of the system. For this reason, we need
to have a way find the expected value of the measured sensor assuming the
perfect knowledge of the model and some additional assumptions on the
external force-torque.

4.7.1 Offset Calibration with the external forces acting on a
Single Link

Assumption 4.3. During force-torque bias sensor calibration, we assume
that only one external force-torque is acting on the multibody system. We
call C' the link on which the unique external 6D force is acting.

Remark 4.4. Assumption 4.8 can be automatically checked using a dis-
tributed tactile system.

If only one external force-torque is acting on the system, its value can
be computed from Newton-Euler equations, using Theorem 4.1:

f=> pX"réL (4.27)
Leg

Once the unique external force-torque has been determined using, joint
force-torque for each joint can be computed using the equations in (4.23).
In particular only one of the two equations (4.23c¢)-(4.23b) will contain the
term related to external force-torque. By choosing the other expression for
all the joints, the joint force-torque can be written as a function of the net
force-torques. In particular given a joint {E/, F'}, using C as the base assume
that Ac(F') = E. Then vg(F) = vo(F) and:

Pler= Y rX"¢L. (4.28)
Levye(E)
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4.8 Proofs

4.8.1 Proof of Theorem 4.1

We can sum the equations given by (4.17) for each link L by multiplyng
them for X', resulting in:

> pX'roL =Y X" | L+ Z tior | =

Leg Leg DeX(L
= Z BXLLfL + Z Z BfDL (4.29)
Leg Lef DeX(L

Focusing on the last addend of the right term of the equation we have:
> > sibr=
LeL DeX(L)

= Z Bfer + BfrE =
{E,F}ej

= Z Bt r — BfeFr = O6x1 (4.30)
{E,F}€3

Plugging (4.30) in (4.29) one obtains (4.18).

|
4.8.2 Proof of Theorem 4.2
From (4.24) we have:
EF} = <FSE,F,FfE,F> = <FSE,F, Z rXt (LoL + Lff)>
Levyp(F)
From (4.23b) instead we have that:
“lom= Y, X" (oL +1ff), (4.31)

Levyg(H)

and that:
VE(F) = (ve(F) N Lon) U e (H).
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We can then decompose the expression of £'f B, F as:

Ftpp = Z X5 (oL + Lff) =

Levp(F)
= > pX'er+if)+ D (pXTréL+Lff) =
LG'YE(F)mgsm LG’YG(H)

= > X" (Lor) + rX%cton,
Levp(F)NLsm

where we made use of the assumption that no external force-torques are
present on the links in yg(F') N L4y, and the expression of ¢fg g given in
(4.31). Substituting this expression of pfg p in (4.24) gives the result. W
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Chapter 5

Six Axis Force Torque
Sensors In Situ Calibration

5.1 Introduction

The importance of sensors in a control loop goes without saying. Measure-
ment devices, however, can seldom be used sine die without being subject
to periodic calibration procedures.

This is in particularly true for six-axis force-torque sensors, whose cali-
bration procedures may require to move the sensor from the hosting system
to specialized laboratories, which are equipped with the tools for performing
the calibration of the measuring device. This chapter presents techniques
to calibrate strain gauges six-axis force-torque sensors in situ, i.e. without
the need of removing the sensor from the hosting system, by exploiting the
structure of rigid body dynamics.

Calibration of six-axis force-torque sensors has long attracted the atten-
tion of the robotic community [Braun and Wérn, 2011]. The commonly
used model for predicting the force-torque from the raw measurements of
the sensor is an affine model. This model is sufficiently accurate since these
sensors are mechanically designed and mounted so that the strain deforma-
tion is (locally) linear with respect to the applied forces and torques. Then,
the calibration of the sensor aims at determining the two components of this
model, i.e. a six-by-six matrix and a six element vector. These two com-
ponents are usually referred to as the sensor’s calibration matriz and offset,
respectively. In standard operating conditions, relevant changes in the cal-
ibration matrix may occur in months. As a matter of fact, manufacturers
such as ATT [ATT Industrial Automation, 2014] and Weiss Robotics [Weiss
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Robotics, 2013] recommend to calibrate force-torque sensors at least once a
year. Preponderant changes in the sensor’s offset can occur in hours, how-
ever, and this in general requires to estimate the offset before using the
sensor. The offset models the sensitivity of the semiconductor strain gauges
with respect to temperature.

Classical techniques for determining the offset of a force-torque sensor
exploit the aforementioned affine model between the raw measurements and
an a-priori knowledge of the load attached to the sensor, as described in
Section 4.7. In particular, if no load is applied to the measuring device, the
output of the sensor corresponds to the sensor’s offset. This offset identifi-
cation procedure, however, cannot be always performed since it may require
to take the hosting system apart in order to unload the force-torque sen-
sor. Another widely used technique for offset identification is to find two
sensor’s orientations that induce equal and opposite loads with respect to
the sensor. Then, by summing up the raw measurements associated with
these two orientations, one can estimate the sensor’s offset. The main draw-
back of this technique is that the positioning of the sensor at these opposite
configurations may require to move the hosting system beyond its operating
domain.

Assuming a preidentified offset, non-in situ identification of the cali-
bration matrix is classically performed by exerting on the sensor a set of
force-torques known a priori. This usually requires to place sample masses
at precise relative positions with respect to the sensor. Then, by compar-
ing the known gravitational force-torque with that measured by the sensor,
one can apply linear least square techniques to identify the sensor’s cali-
bration matrix. For accurate positioning of the sample masses, the use of
robotic positioning devices has also been proposed in the specialized litera-
ture [Uchiyama et al., 1991] [Watson and Drake, 1975].

To reduce the number of sample masses, one can apply constrained
forces, e.g. constant norm forces, to the measuring device. Then these
constrains can be exploited during the computations for identifying the cal-
ibration matrix [Voyles et al., 1997]. To avoid the use of added masses, one
can use a supplementary already-calibrated measuring device that measures
the force-torque exerted on the sensors [Faber et al., 2012] [Oddo et al., 2007].
On one hand, this calibration technique avoids the problem of precise posi-
tioning of the added sample masses. On the other hand, the supplementary
sensor may not always be available. All above techniques, however, cannot
be performed in situ, thus being usually time consuming and expensive.

To the best of our knowledge, the first in situ calibration method for
force-torque sensors was proposed in [Shimano and Roth, 1977]. But this
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Fig. 5.1 iCub’s leg with the two force/torque sensors and an additional
accelerometer.
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method exploits the topology of a specific kind of manipulators, which are
equipped with joint torque sensors then leveraged during the estimation. A
recent result [Gong et al., 2013] proposes another in situ calibration tech-
nique for six-axis force-torque sensors. The technical soundness of this work,
however, is not clear to us. In fact, we show that a necessary condition
for identifying the calibration matrix is to take measurements for at least
three different added masses, and this requirement was not met by the al-
gorithm [Gong et al., 2013]. Another in situ calibration technique for force-
torque sensors can be found in [Roozbahani et al., 2013]. But the use of
supplementary already-calibrated force-torque/pressure sensors impairs this
technique for the reasons we have discussed before.

This chapter presents in situ calibration techniques for six-axis force-
torque sensors using accelerometer measurements. The proposed method
exploits the geometry induced by the affine model between the raw measure-
ments and the gravitational force-torque applied to the sensor. In particular,
it relies upon the properties that all gravitational raw measurements belong
to a three-dimensional space, and that in this space they form an ellipsoid.
We first propose a method for estimating the sensor’s offset, and then a pro-
cedure for identifying the calibration matrix. The latter is independent from
the former, but requires to add sample masses to the rigid body attached
to the sensor. Both methods are independent from the inertial character-
istics of the rigid body attached to the sensor. The proposed algorithms
are validated on the iCub platform by calibrating two force-torque sensors
embedded in the robot leg.

The simplified notation used in this chapter is listed in the following box.
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[ Notation used in Chapter 5 1
f:=of € RS Force-Torque measured by the Force-
Torque sensor.
C € R6x6 Calibration matrix.
0 r € RS Raw measurement of the straing gauges.
be RS Offset of the FT sensor, in the raw mea-
surement space.
m € R Mass of the body attached to the FT sen-
Sor.
c:=5%¢eR? Center of mass, expressed w.r.t. to sensor
frame S.
g:="9gcR3 Gravitation acceleration, expressed w.r.t.
to inertial frame A.
7:=%Rs%g € R® Gravitation acceleration, expressed w.r.t.
i to sensor frame S. |

The chapter is organized as follows. Section 5.2 presents the problem
statement with the assumptions. Section 5.3 details the proposed method for
the calibration of six-axis force-torque sensors. Validations of the approach
are presented in Section 5.4.

5.2 Problem statement and assumptions

We assume that the model for predicting the force-torque (also called wrench)
from the raw measurements is an affine model, i.e.

f=C(r — ), (5.1)

where f € RS is the wrench exerted on the sensor expressed in the sensor’s
frame, r € R® is the raw output of the sensor, C € R*6 is the invertible
calibration matrix, and b € R is the sensor’s bias or offset. The calibration
matrix and the offset are assumed to be constant.

We assume that the sensor is attached to a rigid body of (constant) mass
m € RT and with a center of mass whose position w.r.t. the sensor frame
S is characterized the vector ¢ € R3.

The gravity 3D force applied to the body is given by

mg = m" Rpg, (5.2)
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with g,g € R? the gravity acceleration expressed w.r.t. the inertial and

sensor frame, respectively. The gravity acceleration g is constant, so the

vector g does not have a constant direction, but has a constant norm.
Finally, we make the following main assumption.

Assumption 5.1. The raw measurements r are taken for static configu-
rations of the rigid body attached to the sensor, i.e. the angular velocity
of the frame S is always zero. Also, the gravity acceleration g is measured
by an accelerometer installed on the rigid body. Furthermore, no external
force-torque, but the gravity force, acts on the rigid body. Hence

f = M(m,c)g, (5.2a)
M(m,c) :==m <§i> . (5.2b)

Remark 5.1. We implicitly assume that the accelerometer frame is aligned
with the force-torque sensor frame. This is a convenient, but non necessary,
assumption. In fact, if the relative rotation between the sensor frame S and
the accelerometer frame is unknown, it suffices to consider the accelerometer
frame as the sensor frame S.

Under the above assumptions, what follows proposes a new method for
estimating the sensor’s offset o and for identifying the sensor’s calibration
matrix C' without the need of removing the sensor from the hosting system.

5.3 In Situ Calibration Methods

The proposed methods rely on the the geometry induced by the models (5.3)
and (5.1).
5.3.1 The geometry of the raw measurements

First, observe that
rank(M) = 3.

As a consequence, all wrenches f belong to the three-dimensional subspace
given by the span (M) C R®. In view of this, we can state the following
lemma.
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Lemma 5.1. All raw measurements r belong to a three dimensional affine
space, i.e. there exist a point r,, € RS, an orthonormal basis Uy € R6*3,
and for each r € RS a vector A € R3 such that

T =T, + U (5.3)

Also, the vector X\ belongs to a three-dimensional ellipsoid.

Proof. From (5.1) and (5.3), one has:
r=1g|C"' Mg+, (5.4)

where § := g/|g|. The matrix C~'M € R®*3 is of rank 3. Consequently,
all raw measurements r belong to an affine three-dimensional space defined
by the point b and the basis of span (C~1M). Now, define P € R3*6 as the
projector of r onto span (C~'M). Then, the projection p € R3 of r onto
this span is given by

p= Pr=|g|PC~*M§+ Pb. (5.5)

By considering all possible orientations of the sensor’s frame &, then the
gravity direction § spans the unit sphere. Consequently, the vector p be-
longs to the span of the unit sphere applied to the linear transformation
|g|PC~YM, i.e. an ellipsoid centered at the point Po. This in turn implies
that when decomposing the vector r as in (5.3), the vector A necessarily
belongs to a three-dimensional ellipsoid. O

To provide the reader with a better comprehension of the above lemma,
assume that » € R? and that the affine subspace is a plane, i.e. a two-
dimensional space. As a consequence, all measurements belong to an ellipse
lying on this plane — see Figure 5.2. Observe also that given a point A €
R? on the plane and expressed w.r.t. the basis Uy, the relationship (5.3)
provides with the components of this point in the space R3. By leveraging
on the above lemma, the next two sections propose a method to estimate
the sensor’s offset and calibration matrix.

5.3.2 Method for estimating the sensor’s offset

Assume that one is given with a set of measurements (r;,g;) with i €
{1--- N} corresponding to several body’s static orientations. Then, let us
show how we can obtain the basis (7, U1) in (5.3) associated with all mea-~
surements r;, and how this basis can be used for estimating the offset o.
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Fig. 5.2 Example when r € R? and Uy = (U}, U?) € R3*2.
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Observe that the point r,,;, can be chosen as any point that belongs to
the affine space. Then, a noise-robust choice for this point is given by the
mean value of the measurements r;,

1
m = Zn (5.6)

An orthonormal basis U; can be then obtained by applying the singular
value decomposition on the matrix resulting from the difference between all
measurements and ry,, i.e.

(F1,-+ ,n) =USV T, (5.7)

where
T =T — T,

and U € R%*6 g ¢ RO*N 1/ ¢ RVXN are the (classical) matrices obtained
from the singular value decomposition. Note that only the first three ele-
ments on the diagonal of S are (significantly) different from zero since all
measurements r; belong to a three dimensional subspace. Consequently, (an
estimate of)) the orthonormal basis U; is given by the first three columns of
the matrix U.

With (7,,,U1) in hand, the offset o can be easily estimated. First, note
that equation (5.3) holds for all points belonging to the three dimensional
space. Hence, it holds also for the offset o being the center of the ellipsoid
(see Figure 5.2), i.e.

0=rm+ Ui (5.8)

Then to estimate the offset o belonging to R%, we can estimate the coordi-
nates ), in the subspace R3. In view of UlT Uy = 13, multiplying the above
equation times UIT yields

o= Uy (0—rp). (5.9)

Now, by subtracting 7, from (5.4) and multiplying the resulting equation
by U{', one has
Ul—r?:i = Kg; + Mp, (5.10)

where

K:=U/C'M and X
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are the unknowns in the above equation. In view of (2.9) the equation (5.10)
can be written by stacking the obtained vectors for all measurements as

7 = Iz, (5.10a)

Fi= (UL, -, FLUL)T € RV (5.10b)
91 ®13,13

r:= ' e R3NVx12) (5.10c)
gy ® 13,15

= (Ve(;\(f{)> e RI2XL (5.10d)

Solving the equation (5.10a) for the unknown z in the least-square sense
provides with an estimate Ao € R3 of \y. To obtain the coordinates of this
point w.r.t. the six-dimensional space, i.e. the raw measurements space, we
apply the transformation (5.8) as follows:

Z; =7Tm + Ulﬂb.

5.3.3 Method for estimating the sensor’s calibration matrix

In this section, we assume no offset, i.e. o = 0, which means that this
offset has already been estimated by using one of the existing methods in
the literature or by using the method described in the previous section.
Consequently, the relationship between the set of measurements (r;, g;) and
the body’s inertial characteristics, i.e. mass and center of mass, is given by

C’ri :Mgi.

In addition, we also assume that the body’s inertial characteristics can be
modified by adding sample masses at specific relative positions w.r.t. the
sensor frame S. As a consequence, the matrix M in the above equation is
replaced by Mj, i.e.

Crl = Mg, (5.11)

where j indicates that new inertial characteristics have been obtained by
adding sample masses. Observe that M; can then be decomposed as follows

M;:= M, + M
_ (13 i 1ls
=) (),
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where (m{l, c ) are the mass and the vector of the center of mass, expressed
w.r.t. the sensor frame S, of the added mass. In the above equation, M, is
unknown but M7 is assumed to be known.
In light of the above, we assume to be given with several data sets
Rj:=(r],--- 1) e RN, (5.11a)

J
Gj = (g{7 e 79?\]]-) € R3><va (511b)

associated with Np different (m?,c}). Given (5.11) and (5.12), the mea-
surements associated with the jth data set can be compactly written as

CR; — MyG; = MJG;.

The matrices C' and M), are unknown. Then, in view of (2.9) the above
equation can be written for all data sets as follows

Oz = 3, (5.11c)
vec(C)
T = m |, € Ri0x1 (5.11d)
mc
R] @15, —(G{ ® 16)H
0:= ' , € RONTx40, (5.11e)
Ry, @1, —(GY, @ 16)H
vec(MLGh)
B = ‘ : € Ri0x1, (5.11f)
vec(MNPGy)
with
Np
Np=>_Nj,
j=1

i.e. the number of all measurements, and the matrix H € R'8*4 a properly
chosen permutator such that

vec(M,) = H <m> :

mc

To find the calibration matrix C, we have to find the solution z to the
equation (5.11c). The uniqueness of this solution is characterized by the
following lemma.
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(a) Dataset 1: no added mass (b) Dataset 2

(c) Dataset 3 (d) Dataset 4

Fig. 5.3 Added mass configurations for calibration datasets.

Lemma 5.2. A necessary condition for the uniqueness of the solution x to
the equation (5.11c) is that the number of data sets must be greater than
two, i.e.

Np > 3. (5.12)

Proof. This is a proof by contradiction. Assume Np = 2. In addition,
assume, without loss of generality, also that the matrix A; in equation (5.11)
is perfectly known (adding unknowns to the considered problem would only
require a larger number of data sets). Then, in view of (5.11) and (5.12),
one has

C(Ry, R2) = (M1G1, M2, G2).

The matrix C' is the unknown of the above equation. By applying (2.9) one
easily finds out that there exists a unique C' only if the rank of the matrix
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(R1, Ry) is equal to six, i.e.
rank((Rl,R2)> — 6.

Recall that the matrix C is invertible by assumption, and thus with rank
equal to six. Consequently

rank((Rl, R2)> = rank((MlGl, Mo, Gz))

rank <(M1, My) <%1 ng))

< min <rank(M1, M), 6) .

In view of (5.3), one easily verifies that det(M;, M) = 0, which implies that
rank((Rl,R2)> < 5.

O]

Establishing a sufficient condition for the uniqueness of the solution z to
the equation (5.11c) is not as straightforward as proving the above necessary
condition, and is beyond the scope of this thesis. Clearly, this uniqueness is
related to the rank of the matrix ©, and this rank condition can be verified
numerically on real data. Then, the solution x can be found by applying
least-square techniques, thus yielding estimates of the calibration matrix C
and of the inertial characteristics of the rigid body.

5.4 Experimental Results

To test the proposed method, we calibrated the two force-torque sensors
embedded in the leg of the iCub humanoid robot — see Figure 5.1. The mass
and the center of mass of this leg are unknown.

To apply the method described in section 5.3, we need to add sample
masses to the iCub’s leg. For this purpose, we installed on the robot’s
foot a beam to which samples masses can be easily attached. This beam
also houses a XSens MTx IMU. The supplementary accelerometer will no
longer be required when using the iCub version 2, which will be equipped
with 50 accelerometers distributed on the whole body. The iCub’s knee is
kept fixed with a position controller, so we can consider the robot’s leg as
a unique rigid body. Consequently, the accelerometer measures the gravity

102



L B .

|

(a) Dataset 5 (b) Dataset 6

(c) Dataset 7: no added mass (d) Dataset 8

Fig. 5.4 Added mass configurations for validation datasets.

force w.r.t. both sensors. Recall also that to apply the proposed methods,
we need to modify the orientations of the sensors’ frames. To do so, we
modified the front-back and lateral angles associated with the robot’s hip.

We collected data associated with eight different added mass configura-
tions, each of which is characterized by a mass placed at a different location
with respect to the beam. In other words, we collected eight different data
sets. Figures 5.3 and 5.4 show the configurations of these data sets.

For each of these data sets, we slowly! moved the front-back and lateral
angles of the robot hip, spanning a range of 70 deg for the front-back angle,
and a range of 90 deg for the lateral angle. We sampled the two F /T sensors
and the accelerometer at 100 Hz, and we filtered the obtained signals with
a Savitzky-Golay filter of third order with a windows size of 301 samples.

We estimated the sensors’ offsets by applying the method described in
section 5.3.2 on all eight data sets. Figure 5.5 verifies the statement of

1The iCub front-back and lateral angles were moved with peak velocities of 2 deg /s.
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Fig. 5.5 Dark blue: raw measurements of the sensor embedded in the leg
for dataset 1 projected in the 3D subspace through U;. In light blue an
ellipsoid fitted to the measured points is added, to highlight the fact that
the measured data lie on an ellipsoid. The o' point estimated with the
method described in 5.3.2 is the center of this ellipsoid.
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Lemma 1, i.e. the raw measurements belong to a three dimensional ellip-
soid. In particular, this figure shows the measurements r; projected onto the
three dimensional space where the ellipsoid occurs, i.e. the left hand side
of the equation (5.10). Then, we removed the offset from the raw measure-
ments to apply the estimation method for the calibration matrix described
in section 5.3.3.

The two sensors’ calibration matrices were identified by using only four
data sets (see Figure 5.3). The other four were used to validate the obtained
calibration results (see Figure 5.4). The qualitative validation of the calibra-
tion procedure is based on the fact that the weight of the leg is constant for
each data sets. Consequently, if we plot the force measured by the sensors,
i.e. the first three rows of left hand side of the sensor’s equation

f=C(r—-»),

these forces must belong to a sphere, since they represent the (constant
norm) gravity force applied to the sensors. As for elements of comparisons,
we can also plot the first three rows of the above equation when evaluated
with the calibration matrix that was originally provided by the manufacturer
of the sensors.

Figure 5.6 depicts the force measured by the sensor with the estimated
calibration matrix (in green) and with the calibration matrix provided by
the manufacturer (in red). It is clear to see that the green surfaces are much
more spherical than the red ones. As a matter of fact, Table 5.1 lists the
semi axes of the ellipsoids plotted in Figures 5.6, and clearly shows that the
green surfaces represent spheres much better than the red ones. Interestingly
enough, the force-torque sensor embedded in the iCub leg is much more mis-
calibrated than that embedded in the foot. In fact, by looking at the data
sheets describing the technological lives of these sensors, we found out that
the force-torque sensor embedded in the leg is much older than that in the
foot, which means that the calibration matrix of the leg’s sensor is much
older than that of the foot’s sensor.

The quantitative validation of the proposed calibration procedure is per-
formed by comparing the known weights of the added masses with the
weights estimated by the sensors. Table 5.2 shows that the estimated weights
obtained after performing the proposed calibration are better than those
estimated by using the calibration matrix provided by the sensor manufac-
turer. A similar comparison was conducted on the estimation of the sample
mass positions (Table 5.3). It has to be noticed that the errors in estimating
the mass position are relatively high, but this is due to the choice of using
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relatively small masses with respect to the sensor range and signal to noise

ratio.

Table 5.1 Qualitative calibration evaluation on validation dataset: ellipse
semiaxes after calibration

Added
Sensor | Dataset | mass | Semiaxes length [N] | Semiazes length [N]
(Kg) | with proposed calibra- | with manufacturer
tion calibration
Foot ) 0.51 13.6 13.1 12.9 13.5 10.2 4.6
Foot 6 0.51 13.5 12.9 12.7 13.6 10.5 9.4
Foot 7 0 8.4 7.9 7.4 85 6.9 6.2
Foot 8 0.51 13.7 125 12.0 15.7 13.6 10.4
Leg 5 0.51 344 333 32.5 76.5 494 45.6
Leg 6 0.51 34.8  33.5 32.8 82.4 49.3 47.3
Leg 7 0 30.9  28.2 26.9 77.0 44.5 40.0
Leg 8 0.51 35.52 3330 322 | 889 495 48.3

Table 5.2 Qualitative calibration evaluation on validation dataset: sample

mass estimations

Sensor | Dataset Added mass (Kg)

Ground Proposed Manufacturer

truth calibration | calibration
Foot 5 0.51 0.53 0.06
Foot 6 0.51 0.52 0.27
Foot 7 0 -0.03 -0.13
Foot 8 0.51 0.46 0.45
Leg 5 0.51 0.51 2.77
Leg 6 0.51 0.54 3.04
Leg 7 0 -0.04 2.39
Leg 8 0.51 0.51 3.25
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Table 5.3 Qualitative calibration evaluation on validation dataset: center of
mass estimations

Sensor | Dataset Center of mass position for the added mass [cm]
Ground truth Proposed Manufacturer cal-
calibration ibration
Foot 5 39 -35 (29|31 | 88| —83 | 273 | —83 | 81
Foot 6 21 0 6.3 19 | 99| -5 30 | —18 | 18
Foot 7 - - - - - - - - -
Foot 8 -4 0 6355 9 | =32 | =86 |—-12| 10
Leg 5 39 | -35 |39 | 28 | 11 29 16 6.5 29
Leg 6 20 0 43 | 17 | 9.7 30 12 51 | =27
Leg 7 - - - - - - - - -
Leg 8 —4.3 0 43 | 3.8 | 8.8 32 75 | 49 | —26
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(a) Validation results for leg F/T sensor.
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(b) Validation results for foot F/T sensor.

Fig. 5.6 Dark green: force measurements obtained through the calibration
matrix estimated using the proposed technique. Dark red: force measure-
ments obtained through the calibration matrix provided with the sensor.
Light red and light green surfaces: ellipsoids fitted to the measured forces.
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Chapter 6

Rigid Body Inertial
Parameters Identification

6.1 Introduction

A large part of existing robotic systems are modeled as a system of multiple
rigid bodies. The knowledge of the dynamical characteristics of these rigid
bodies is a key assumption of model-based control and estimation techniques,
such as the one presented in Chapter 4. The dynamics of a rigid body, i.e.
how the acceleration of a rigid body is related to the forces applied on it,
is completely described by the mass distribution of the body in the 3D
space. The mass distribution itself is completely described by 10 inertial
parameters [Hollerbach et al., 2016]. These parameters may be available if
a good Computer-Aided Design (CAD) model of the robot is available, but
often such models are either not available, or the mass distribution of the
rigid bodies in the robot changes during operation, as in the case of an end
effector that grabs and heavy object.

Inverse robot dynamics models can be written linearly with respect to
the inertial parameters of the rigid bodies composing the robot. Classical
identification techniques [Hollerbach et al., 2016, Ayusawa et al., 2014] con-
sider the parameters of each body to be an element of the Euclidean space
R0, Exploiting this fact, the inertial parameters identification problem
has been classically posed as a Linear Least Square optimization problem
[Hollerbach et al., 2016]. The resulting problem is convenient from a compu-
tational point of view, but it neglects the fact that not all vectors in R'? can
be generated by a physical rigid body, i.e. it is possible that some inertial
parameters are identified even if no physical rigid body could generate them.
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A necessary condition for the inertial parameters to be generated by a
physical rigid body was first proposed in [Yoshida et al., 1994]: the physical
consistency condition. This condition is important for control purposes be-
cause it ensures, if it is valid for all the links of a robot, the positive definite-
ness and the invertibility of the joint mass matrix [Yoshida and Khalil, 2000].
This property is a key assumption in proving the stability of model-based
control laws. The physical consistency has been enforced in identification
of inertial parameters using several techniques: [Yoshida and Khalil, 2000,
Mata et al., 2005, Gautier et al., 2013, Gautier and Venture, 2013, Sousa and
Cortesao, 2014, Jovic et al., 2015]. However this condition is not sufficient:
it is possible that some inertial parameters that respect this condition do
not correspond to any physical body: in particular this condition does not
encode the triangle inequalities of the 3D inertia matrix [Wittenburg, 2007,
Chapter 3], as it will be explained in the remainder of the chapter.

The main contribution of this paper is a new necessary and sufficient
condition for the inertial parameters to be generated by rigid body: the
full physical consistency condition. We show that this condition implies the
already proposed physical consistency condition and that the triangle in-
equalities are respected. Furthermore, we propose a nonlinear optimization
formulation that takes into consideration this constraint by using state of
the art optimization techniques on non-Euclidean manifolds [Brossette et al.,
2015]. The proposed optimization technique is validated with a rigid body
inertial identification experiment on the arm of the iCub humanoid robot.

For the sake of simplicity, in this chapter, we only consider the problem
of identifying the inertial parameters of a single rigid body. However, the
full physical consistency condition and the optimization on manifolds are
general contributions, that could be applied to the case of the identification
of inertial parameters in generic multibody structures.

The chapter is organized as follows. Section 6.2 presents the notations
used in the chapter and the background on rigid body dynamics. Section 6.3
details the proposed full physical consistency condition, the proposed non-
linear parametrization of the inertial parameters that ensures that this con-
dition is always satisfied and the optimization technique on the manifold of
the proposed parametrization. Section 6.4 describe the experiments used
for validation.

The notation used in the chapter is summarized in the next table.
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Notation used in Chapter 6

A Inertial frame.

B Body frame.

M := gMp 6D inertia matrix of body B expressed in
0 the B frame.

m Mass of the rigid body.

c:=Bec Center of mass of the rigid body, ex-

pressed in the B frame.
Ip 3D inertia of the body B, expressed with

the orientation of the body frame B and
w.r.t. the origin of B.
ad =8 o g € R3  Angular velocity of the body expressed in
7 body frame.
w:=bBwsp €R®  Angular velocity of the body expressed in
body frame.

6.2 Background on Rigid Body Inertial Parame-
ters

6.2.1 Rigid Body Dynamics

The Newton-Euler equations using the proper sensor acceleration (2.80) are
given by:

Mo + {Oijl} <M [Oijl} _ ¢ (6.1)

where o9 := O‘i&,B € RS is the sensor proper acceleration, w := BwA7B €
R3 is the angular velocity of the body expressed in body frame, ¢ := gop is
the net force-torque acting on the robot expressed in B frame and M € R6*6
is the 6D inertia matrix (also known as spatial inertia in Featherstone [2008])
expressed in body frame B

ity —me'| o

M= {ch Ip
Where:
e m € R is the mass of the rigid body,
o ¢ € R? := Bcis the center of mass of the rigid body, expressed in the

frame B,
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e Ip € R3*3 is the 3D inertia matrix of the rigid body, expressed with
the orientation of frame B and with respect to the frame B origin.

6.2.2 Inertial parameters

The 6D inertia matrix is parametrized by 10 parameters, usually called
the inertial parameters of the rigid body [Hollerbach et al., 2016], that are

defined as 7 € R10:
m

T = me : (6.3)
vech(Ip)

The product of a generic vector [(ﬂ € RS by the 6D inertia matrix M

can be written as a product of a matrix in R6*10 for the vector of inertial

o)l % % o

where the matrix we is defined such that w e vech(Ip) = Ipw:

parameters 7:

Wy wy w, 0 0 0
we= |0 w, 0 wy, w, 0]. (6.5)
0 0 wry 0 wy w,

Proposition 6.1 (Newton-Euler equations linearity in the inertial param-
eters). The Newton-Euler equations (6.1) can be written linearly [Garofalo
et al., 2013, Hollerbach et al., 2016] in the inertial parameters (6.3):

Y (o, w)m = Mafd + [Oi}“] X *M [03;1] = ¢, (6.6)

with: V(o) - D) [Oiﬂ <D <[03x1D _ (6.7)

w

6.2.3 Relationship between the inertial parameters and the
density function

The mass distribution of a rigid body in space is described by its density
function:
p(-) : R3 = R (6.8)
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The domain of this function is the points of body expressed in the body-
fixed frame B. We consider the density equal to zero for the points outside
the volume of the rigid body, so we can define the domain of p(-) to be all
the points in the 3D space R3.

The inertial parameters are obviously a functional of the density p(-),
in particular, we can define the functional my(-) : (R® = Rxq) — R that
maps the density function to the corresponding inertial parameters:

m(p(-))

: JIJ p(r)dr :

6.2.4 3D Inertia at the Center of Mass and Principal Axes

The 3D inertia at the center of mass is defined as
I = / / / (r = )T (r — &) p(r)dr- (6.10)
R3

Exploiting the fact that (-)" is linear, the inertia matrix with respect to
the center of mass can be written as:

Ic = I +mS(c)S(c). (6.11)

This result is known as parallel axis theorem.
As I¢ is symmetric, it can be diagonalized with an orthogonal matrix

Q € SO(3):
Ic = Qdiag (J)QT. (6.12)

Using (6.10) the diagonal matrix diag (J) (with J € R3) can be written
as:

ding (1) = [[[ @@= - ey Qotryir =

/// (?QT(T =)@ (r =€) p(r)dr. (6.13)
e
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The operation mapping the body point r to Q7 (7 —¢) can be interpreted
as a change of reference frame, from the body frame B to a frame C (a
principal azes frame) whose origin is the center of mass of the body and
whose orientation is one in which the Io matrix is diagonal.

By expressing with 7 = Q' (r — ¢) the generic point of the body ex-
pressed in the C' frame, and with p(7) the density with respect to the C
frame, we can write diag J as:

diag J = / / / (FTF p(7)dF. (6.14)
R

The elements of the J vector are:

Jp = / / / (72 + 25 p(7)dr, (6.14a)

y—///:n + 22 p(7)dr, (6.14b)

Jg:/X/@«+ngMﬁ (6.14c)
R

We can write them as:

Jo=Ly+L., Jy=Ly+L., J.=L,+ L, (6.15)

L, = ///iQﬁ(f)df, L,= ///gfp(f)df, (6.16)
R3 R3
L, = /// 22 5(7)dr. (6.17)
R3

Where L, L, L, are the central second moments of mass of the density p(7).
It is clear that the non-negativity of 5(7) constraints L = [L, L, L.|
to be non-negative as well. Furthermore, it is possible to see that the non-
negativity of L induces the triangular inequalities on diag (J):

Jo < Jy+Jey Jy < et e, T < Tty (6.18)
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6.2.5 Inertial Parameters Identification

Assuming that N values for F,A, and V' are measured, equation (6.6) can
be used to estimate m solving the following optimization problem:

N
#=argmin. Y [V(af wi)m —fi]|*. (6.19)
TR0 i=1

However, this optimization does not take into account the physical prop-
erties of the inertial parameters 7. For this reason, the following definition
was introduced.

Definition 6.1. A vector of inertial parameters 7 is called physical consis-
tent [Yoshida et al., 1994, Yoshida and Khalil, 2000] if:

m(r) >0,  Io(m)=0. (6.20)

This condition has nice properties (it ensures that the matrix M is al-
ways invertible), but is still possible to find some physical consistent inertial
parameters that can’t be generated by a physical density.

6.3 Full Physical Consistency

6.3.1 Full physical consistency

In this subsection, we propose a new condition for assessing if a vector of
inertial parameters can be generated from a physical rigid body. We will
show that all the constraints that emerge due to this full physical consistency
condition are due to the non-negativity on the density function.

Definition 6.2. A wvector of inertial parameters ©* € R is called fully
physical consistent if:

I p() : R = Ryg s.t. 7° = ma(p(")). (6.21)

This definition extends the concept of physical consistent inertial pa-
rameters to include also all possible constraints of inertial parameters, such
as the triangular inequalities (6.18) of the diagonal elements of the inertia
matrix.

Lemma 6.1. If a vector of inertial parameters 1 € R0 is fully physical
consistent if follows that it is physical consistent, according to Definition
6.1.
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Proof. If w is fully physical consistent, then it follows that there exists p(-)
such that the corresponding 3D inertia at the center of mass Io can be
written as a function of p(-). The positive semi-definiteness of m and I
then follows from the classical properties of mass and the inertia matrix of
a rigid body, see for example subsection 3.3.3 of Wittenburg [2007]. O

Lemma 6.2. If a vector of inertial parameters 1 € R0 is fully physical
consistent, the associated inertia matrices at the body origin Ig(m) and at
the center of mass Ic(m) respect the triangular inequalities (6.18).

Proof. This lemma can be proved by writing Ip or I as a functional of
the density function p(-), as in the proof of Lemma 6.1. Once I or I¢
are written as a functional of p(-), the demonstration that they respect the
triangle inequality can be found in any rigid body mechanics textbook, see
for example subsection 3.3.4 of Wittenburg [2007]. O

To get a hint of the demonstration of Lemma 2, consider that the diag-
onal elements of the 3D inertia matrix with respect to an arbitrary frame
can still be written as the sum of two non-negative second moments of mass.
The triangle inequality then arises in a way similar to the case of the inertia
expressed in the principal axes.

6.3.2 Full physical consistent parametrization of inertia pa-
rameters

In this subsection, we introduce a novel nonlinear parametrization of inertial
parameters that ensures the full physical consistency condition.

We choose to parametrize the mass as an element of the spaces of non-
negative numbers m € Rx.

The center of mass do not have any constraints on its location, so we
choose to parametrize it as an element of the 3D space ¢ € R3.

For parametrize the 3D inertia matrix ensuring the properties described
in subsection 6.2.4 we choose the second moments of mass L € R to be
components of our parametrization. In the following, we will show how this
choice ensures the full physical consistency of the resulting inertial parame-
ters.

The inertial parameters of a rigid body can then be parametrized by an
element 0 € P = R>g x R? x SO(3) x R3,,. In particular the components of
0 are:

e m € R>o the mass of the body
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e ¢ € R? the center of mass of the body

e Q € SO(3) the rotation matrix between the body frame and the frame
of principal axis at the center of mass

o L € R?;O the second central moment of mass along the principal axes

In other terms, there is a function my(6) : P — R that maps this new
parametrization to the corresponding inertial parameters:

m(0) m
p(0) = me(0) = me
vech (Ip(0)) vech (Q diag (PL)QT — mS(c)S(c))

01 1
Where P= (1 0 1| is a matrix that maps L to J.
1 10

Theorem 6.1. For each 6 € B, there exists a density function p(-) : R
R>o such that m4(p(-)) = mp(0), i.e. every 8 € P generates fully physical
consistent inertial parameters.

Proof. We prove the statement in a constructive way: given an arbitrary
element § = (m,c,Q, L) € P we build a density function p(-) : R® — Rx
such that m,(0) = mq(p(-)). For example we can think of a cuboid of uniform
unit density, with the center of the cuboid coincident with the center of mass
of the inertial parameters (given by c¢), with the orientation of its symmetry
axis aligned with the C' principal azes frame defined by the @ rotation
matrix and the cuboid sides of lengths 2d, , 2d, and 2d., with:

d=[d, d @f:[¢%% ¢gg ¢#ﬂT (6.22)

Its density function in the C frame is given as:

. 1 if-d>7>d
p(F) =

0 otherwise

while the density function in the B frame is given by:

(6.23)

1 if—Qd4+c>r>Qd+c
p()—{ :

0 otherwise
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The density defined in (6.23) and (6.22) can be seen as a function ~(-) :
P — (R3 + Rxp). The theorem is then demonstrated by using (6.9) and
(6.22) to verify that:

is true V 6 € . O

Using the parametrization presented in Theorem 6.3.2, it is possible to
recast the identification optimization problem (6.19) as:

7 =m() (6.24)

A N

0 = arg min. Z 1Y (o, wi)(0) — £ (6.25)
0P =

The main advantage of (6.24) with respect to (6.19) is that thanks to
Theorem 6.1 the identified inertial parameters 7 are ensured to be fully
physically consistent. However, the optimization variable 6 does not live
anymore in a Euclidean space, because P includes SO(3), so to solve this
optimization problem in this need to either modify or to exploit specific
techniques related to the optimization on manifolds, as we did in the exper-
iments provided in Section

6.4 Experimental Results

6.4.1 Optimization on Manifolds

For this chapter, we focus on SO(3), a 3-dimensional manifold. As such, it
can be parametrized locally by 3 variables, for example, a choice of Euler
angles, but any such parametrization necessarily exhibits singularities when
taken as a global map (e.g. gimbal lock for Euler angles), which can be
detrimental to our optimization process.

For this reason, when addressing SO(3) with classical optimization algo-
rithms, it is often preferred to use one of the two following parametrizations:

e unit quaternion, i.e. an element g of R* with the additional constraint
lall =1,

e rotation matrix, i.e. an element R of R3*3 with the additional con-
straints RIR = I and det R > 0.
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The alternative is to use optimization software working natively with
manifolds [Brossette et al., 2015][Absil et al., 2008] and solve

N
arg min. Z Y (a¥,v;)m(6) — £[? (6.26)
OERXR3 X SO(3)xR3 i—1
subj. tom >0, L, >0, L, >0, L, >0 (6.27)

This alternative has an immediate advantage: we can write directly the
problem (6.24) without the need to add any parametrization-related con-
straints. Because there are fewer variables and fewer constraints, it is also
faster to solve. To check this, we compared the resolution of (6.24) formu-
lated with each of the three parametrizations (native SO(3), unit quater-
nion, rotation matrix). We solved the three formulations with the solver
presented in [Brossette et al., 2015], and the two last with an off-the-shelf
solver (CFSQP [Lawrence et al., 1997]), using the dataset presented later
in this section. The formulation with native SO(3) was consistently solved
faster. We observed timings around 0.5s for it, and over 1s for non-manifold
formulations with CFSQP. The mean time for an iteration was also the low-
est with the native formulation (at least 30% when compared to all other
possibilities).

Working directly with manifolds has also an advantage that we do not
leverage here, but could be useful for future work: at each iteration, the
variables of the problem represent a fully physical consistent set of inertial
parameters. This is not the case with the other formulations we discussed, as
the (additional) constraints are guaranteed to be satisfied only at the end of
the optimization process. Having physically meaningful intermediate values
can be useful to evaluate additional functions that presuppose it (additional
constraints, external monitoring ...). It can also be leveraged for real-time
applications where only a short time is allocated repeatedly to the inertial
identification, so that when the optimization process is stopped after a few
iterations, the output is physically valid. With non-manifold formulations,
at any given iteration, the parametrization-related constraints can be vio-
lated, thus, the variables might not lie in the manifold. It is then needed
to project them on it. Denoting 7 the projection (for example m = ‘%” in
the unit quaternion formulation), to evaluate a function f on a manifold,
we need to compute f om. If further the gradient is needed, that projection
must also be accounted for ([Bouyarmane and Kheddar, 2012] explains this
issue in great details for free-floating robots).

In this study, we use the same solver and approach as presented in [Bros-
sette et al., 2015] which was inspired from [Absil et al., 2008]. The driving
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idea of the optimization on manifold is to change the parametrization at
each iteration. The problem at iteration k becomes:

min f oy, (2) st. copy(2) =0. (6.28)
z ER™
Then xj4+1 = ¢, (21) is guaranteed to belong to M. The next iteration uses
the same formulation around x4 1.
The smooth maps ¢, are built-in and are used automatically by the
solver while the user only has to implement the functions of the optimization
problem without the burden of worrying about the parametrization.

6.4.2 Experiments

The iCub is a full-body humanoid with 53 degrees of freedom, thoroughly
described in Section 1.1. For validating the presented approach, we used the
six-axis force/torque (F/T) sensor embedded in iCub’s right arm to collect
experimental F/T measurements. We locked the elbow, wrist and hands
joints of the arm, simulating the presence of a rigid body directly attached
to the F/T sensor, a scenario similar to the one in which an unknown payload
needs to be identified [Kubus et al., 2008].

£ Upper arm

Forearm

FT sensor

Fig. 6.1 CAD drawing of the iCub arm used in the experiments. The used
six-axis F/T sensor is visible in the middle of the upper arm link.
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We generated five 60 seconds joint positions paths in which the three
shoulder joints were reaching random joint position using point to point
minimum-jerk like trajectories. The point to point trajectory completion
times were 10s, 5s, 2s, 1s and 0.5s for the different paths. We played these
joint paths on the robot and we sampled at 100Hz the F/T sensors and
joint encoders output. We filtered the joint positions and obtained joint
velocities and accelerations using a Savitzky-Golay filtering of order 2 and
with a windows size of 499, 41, 21, 9, 7 samples. We used joint positions,
velocities and accelerations with the kinematic model of the robot to com-
pute a? and v of the F/T sensor for each time sample. We removed the
unknown offset from the F/T measurements using the offset removal tech-
nique described in [Traversaro et al., 2015]. We then solved the inertial
identification problem using the classical linear algorithm (6.19) and the
one using the proposed fully physical consistent parametrization (6.26). We
report the identified inertial parameters in Table 6.1. It is interesting to
highlight that for slow datasets (trajectory time of 10s or 5s) the uncon-
strained optimization problem (6.19) results in inertial parameters that are
not fully physical consistency. In particular, this is due to the low values
of angular velocities and acceleration, that do not properly excites the iner-
tial parameters, which are then numerically not identifiable. The proposed
optimization problem clearly cannot identify these parameters anyway, as
the identified parameters are an order of magnitude larger than the ones
estimated for faster datasets, nevertheless, it always estimates inertial pa-
rameters that are fully physical consistent. For faster datasets (trajectory
time of 1s or 0.5s) the results of the two optimization problems are the same
because the high values of angular velocities and accelerations permit to
identify all the parameters perfectly. While this is possible to identify all
the inertial parameters of a single rigid body, this is not the case when iden-
tifying the inertial parameters of a complex structure such as a humanoid
robot, for which both structural [Ayusawa et al., 2014] and numerical [Pham
and Gautier, 1991] not identifiable parameters exists. In this later applica-
tion, the enforcement of full physical consistency will always be necessary
to get meaningful results.
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Table 6.1 Inertial parameters identified with the different datasets and the
different optimization problems.

10s 5s 2s 1s 0.5s

RO L RO I R0 B RTO B RO L
m 1.836 1.836 | 1.842 1.842 | 1.852 1.852 | 1.820 1.820 | 1.843 1.844
mc, | 0.062 0.062 | 0.061 0.060 | 0.060 0.060 | 0.060 0.060 | 0.060 0.059
mc, | 0.001 0.001 | 0.000 0.000 | 0.001 0.001 | 0.002 0.002 | 0.005 0.004
mc, | 0.208 0.208 | 0.206 0.206 | 0.206 = 0.206 | 0.205 0.205 | 0.204 0.204
I.x | 0.580 0.215 | 0.128 0.166 | 0.065 0.067 | 0.032 0.034 | 0.033 0.037
I, | 0.593 0.012 | -0.02 0.001 | 0.001 0.001 | 0.001 0.001 | 0.003 0.001
I., | -0.54 -0.06 | -0.13 -0.09 | -0.04 -0.03 | -0.02 -0.02 | -0.02 -0.02
I,, | 1.022 0.227 | 0.125 0.216 | 0.066 0.086 | 0.036 0.042 | 0.035 0.039
I,, | 0.190 0.038 | 0.026 0.001 | 0.006 0.003 | 0.002 0.001 | 0.000 0.000
1 -0.13 0.028 | -0.00 0.050 | 0.007 0.014 | 0.008 0.009 | 0.008 0.008

Inertial parameters identified on R'? optimization manifold that are not fully phys-

ical consistent are highlighted.

Masses are expressed in kg, first moment of masses in kg m, inertia matrix elements

in kg m?.
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Chapter 7

Multi Body Inertial
Parameters Identification

7.1 Introduction

A fundamental problem in controlling torque-actuated robots is the accurate
modeling of their dynamics. Depending on the performed task (e.g. control,
simulation, contact detection) we can distinguish two possible approaches
[Hollerbach et al., 2016]: in structural modeling the interest is on identify-
ing the real inertial parameters of the robot, while in predictive modeling
the interest is only on replicating the input-output behavior of the system,
the input and output being some measured quantities. In structural mod-
eling the usual approach is to excite the robot with trajectories chosen so
as to be the optimal for identifying the identifiable (i.e. base) parameters
[Armstrong, 1988]. In predictive modeling, the only concern is to accu-
rately model the input-output response of the dynamical system. This has
a significant implication: the interest is not in estimating the “real” param-
eters, but in getting parameters capable of generalizing predictions across
the whole work space. Interestingly, within this context different regression
techniques can be adopted, ranging from parametric [Hollerbach et al., 2016],
semi-parametric [Duy Nguyen-Tuong and Peters, 2010] and machine learn-
ing approaches [Fumagalli et al., 2010a]. A common task that falls within
the predictive modeling category is learning inverse dynamics: inputs are
positions, velocities and accelerations while outputs are joint torques.

In this chapter we tackle a problem that lies in between structural and
predictive modeling. We aim to relax the modeling assumptions in the pro-
cedure illustrated in Chapter 4 to estimate joint torques from embedded
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6-axis force/torque sensors. This estimation procedure allows us to imple-
ment torque control on robots without joint torque sensing. Since most
(humanoid) robots are not equipped with joint torque sensors, but have 6-
axis F/T sensors, this approach opens the possibility to implement inverse-
dynamics control on these “old-generation” robots. Moreover, this is inter-
esting also for new-generation robots, which could be easily equipped with
6-axis F/T sensors, without going through the hassle of redesigning the
joints to include torque sensing.

The main drawback of this method is that it relies on the inertial param-
eters to estimate the joint torques. The goal of this paper is to understand
if and to what extent this knowledge is necessary and if we can partially
retrieve it through identification procedures similar to the one proposed in
[Hollerbach et al., 2016]. The major technical obstacle lies in the following
consideration. We can use F/T measurements to estimate certain inertial
parameters (known in literature as base parameters): what is the relation-
ship between these parameters and the ones used in [Fumagalli et al., 2012]
to estimate (internal) joint torques and (external) contact forces? In this
framework non-parametric techniques have limited appeal and therefore we
pursue a parametric approach.

Consistently with the rest of the thesis, in this chapter we will discuss
the problem of estimating inertial parameters in the context of free floating
robots. In particular we will discuss the case of iCub and its specific set of
sensors, as introduced in Section 1.1.

In this chapter, we will use several concepts related to the change of base
link that we introduced in Chapter 3. The notation used in the chapter is
summarized in the next table.

[ Notation used in Chapter 7 1
LinkIndex(-) . Link serialization function.
L {1,-~ ,TLL}
9 7r, € R Vector of inertial parameters of link L.

¢ € ROz Vector of all the inertial parameters of a
multibody system.

afy = OJ‘Z’ B Sensor proper acceleration of body B.

wpB = BwA,B Angular velocity of the link B in the B
frame.
Internal joint (shape) positions.
Internal joint (shape) velocities.
Internal joint (shape) accelerations.
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7.2 Identification of floating base dynamics

Similarly to the rigid body case presented in Chapter 6, the inertial param-
eters of the a multibody system can be reprented by an inertial parameters
vector, defined as in the following.

Definition 7.1 (Multibody Inertial Parameters Vector). Given a multibody
system, its inertial parameters vector 1 € RO s defined as:

T LinkIndex(1)

T LinkIndex(2)
P = . e R,

T LinkIndex(nr)

where my, € R is the vector of the inertial parameters of link L, defined in
(6.3).

Several dynamics-related quantities, starting from the lagrangian itself,
can be written linearly w.r.t. to this vector. While in the past methods to
use energy-based [Gautier and Khalil, Gautier| or center of pressure-based
[Baelemans et al., 2013, Baelemans, 2013] have been proposed, the most
used method in the literature of the identification of humanoids inertial pa-
rameters is the floating base dynamics regressor [Jovic et al., 2015, Ayusawa
et al., 2014, Ogawa et al., 2014, Mistry et al., 2009], introduced in the next
proposition.

Proposition 7.1 (Floating Base Regressor [Ayusawa et al., 2014]). The
right-hand side of (3.64) can be rearranged linearly with respect to a vector
of inertial parameters i, i.e. :

- Y; 0
I(a%,ws,s,8,8) = EYI’} p = [ 6:1} + Zszf. (7.1)
s Leg

The typical assumption in literature is that both joint torques and con-
tact force measurements are available [Mistry et al., 2009, Ogawa et al.,
2014], and in that case all the lines of (7.1) can be used for identification.
The alternative assumption is that only contact forces measurements are
available [Ayusawa et al., 2014, Jovic et al., 2015] and in that case only the
first 6 rows of (7.1) are used for estimation, disregarding the shape dynamics.
However both this hypothesis are not matched by the assumptions of this
thesis explained in Chapter 4: in our case neither joint torques nor contact
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forces are available as measurements, and the estimates presented in Chap-
ter 4 depend them-self on the inertial parameters of the assumed model, so
they cannot be used for inertial parameters estimation. Assuming that the
considered models is equipped with internal six-axis force-torque sensor, the
solution is again to consider the submodels introduced in Subsection 4.5.1
separately. In particular, also the left-hand term of (4.19) can be rewritten
in function of :

Yo=Y BX'ror= > pXFiff+ > Y pXPpipy
LeLsm, Le(€nLsm) LeLsm DEJgm (L)

(7.2)

In general there are two classes of unknowns in this equation: the inertial

parameters 1) and the external force-torque rff. If at a given instant we

know that no external force-torques (from a-priori information or from the

distributed tactile system) are acting on the submodel sm, the equation can
be rewritten as:

Yo=Y BXpor= > > pXPpipy (7.3)

LeLsm Lelsm DEjsm(L)

and this equation can be used directly for the identification of the inertial
parameters .

The regressor obtained by combining the base regressors of of all sub-
models M =1,2,...,n+ 1 is defined as:

Yo, > Le(ensy) BXiLff > oLeg; 2pedy (L) BXZDfD,L
Y, > oLe(e 05y BX LT 21 g > pemy) BX " pip,L
Vit = | 0 fu= | T y| hemEe®
Y11 ZL€(€ﬂ£n+1) BXLLff 2L62n+1 El)e:\n+1(L) BXDDfD,L
(7.4)

The actual part of Yy, that can be used for estimation depends on the
instantaneous set of links that are in contact with the environment €. How-
ever, assuming that for each submodel there exists data samples in which
they are not in contact with the environment all parts of Yy, can be used
for identification, sooner or later.

The regressor for joint torques can be written easily due to Theorem 4.2.
In particular (4.25) can be written as:

TEF = <FSE,F, Z o1 + FfG,H> =Yep o0+ ("spr, o). (7.5)
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Identifiable subspaces

The different parametric representation of the robot dynamics such as (7.1)
or the submodel representation (7.2) can be always rearranged as Y¢ = m,
where both Y and m can be computed given the available measurments.
An estimation of ¢ can be obtained by considering repeated measurements
Y1 ..., YN and the associated values of the regression matrix Y'!, ..., YV,
related as follows:

% mt
Y2 m?2
.. ¢ - . e ) (7.6)
YN mN

The matrix that multiplies ¢ is rank deficient regardless of the number of
measured samples N [Hollerbach et al., 2016].
More specifically, the following vector subspaces of R can be defined.

Definition 7.2 (Non-Identifiable Subspace [Sheu and Walker, 1991]). Given
a regressor Y, the inertial parameters non-identifiable subspace Ny is de-
fined as:
NY = {¢ € RlonL : Y(WB,CYQB, 5737 5)¢ = 07
V wp €R? of €RY, 5,55 € R, (7.7)
Definition 7.3 (Identifiable Subspace [Sheu and Walker, 1991]). Given a

regressor Y, the inertial parameters identifiable subspace Iy is defined as
the subspace orthogonal to Ny, i.e.:

Iy = Ny (7.8)

In general the space Ny is non-empty as a consequence of fact that the
columns of Y are linearly dependent for any choice of the robot position,
velocity and acceleration. Only certain linear combinations of the elements
of ¢ influence the measurements and these combinations can be obtained as:

Y = Bm (7.9)
being B a matrix whose columns are an orthonormal base of the identifiable

subspace Iy .
It is then possible to reformulate (7.6) as:

YB Yl

2 2
Y'B = Y —  Gpym=gn, (7.10)
YNB YN
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with obvious definition for the matrix Gy and the vector guy. Classically,
equation (7.10) has been used for the estimation of the base parameters as-
sociated with a certain measurement m. This is suitable if the goal of the
parametric identification was to improve the prediction of the measurement
m itself. In the case of the estimation algorithm presented in Chapter 4,
however the measurement available for the inertial parameters identification
(i.e. the sum of the measured force-torque acting on a submodel) are differ-
ent from some measurements we are interested in estimating. For this reason
in the next section we investigate the relation between the identifiable sub-
space of the quantities that we can measure (internal six-axis force-torque
sensor) and the identifiable subspace of the measurements that we want to
predict (joint torques, estimated as in (7.5)).

7.3 Inertial Parameter Identification and Torque
Estimation

In this section we demonstrate that the inertial parameters inertial param-
eters used for torque estimation are a subset of the inertial parameters that
can be estimated from the submodel regressors given in (7.4).

Property 7.1 (Identifiable subspace of sum of two regressors). Given the
regressors Yg,Y, and Y. = Yy, + Y, the identifiable subspace of Y. is given by:

ch C Iya + be. (7.11)
Proof. From the definition of non-identifiable subspace (7.7) we have:
Nya N Nyb - ]\7}/c

Using the definition of identifiable subspace (7.8) and the De Morgan laws
for vector spaces one obtains (7.11). O

Property 7.2 (Identifiable subspace of combination of two regressors).

Ya] the iden-

Given two regressors Y,,Yy and the combined regressor Y, = [Y
b

tifiable subspace of the combined regressor is given by:
Iy, = Iy, + Iy,. (7.12)
Proof. From the definition of non-identifiable subspace (7.7) we have:
Ny, N Ny, = Ny,.

Using (7.8) and the De Morgan laws for vector spaces one obtains (7.12). [
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Lemma 7.1 (Identifiable subspace of a regressor multiplied by a full rank
square matrix). Given a regressor Y, and the regressor obtained by multi-
plyng Y, by a always full-rank square matriz M: Y, = MY, the identifiable
subspace of Yy is equal to the one of Yy, i.e. :

Y, =Y, (7.13)

Theorem 7.1. The identifiable subspace of the base dynamics regressor Y
15 equal to the identifiable subspace of the full dynamics regressor Y, both
defined in (7.1), i.e.:

Iy = Iy, (7.14)

furthermore the shape dynamics regressors Yy is a subspace of the base dy-
namics regressor Yy, i.e.:

Iy, C Iy,. (7.15)
Proof. The proof for the first part of this theorem is provided in [Ayusawa

et al., 2014]. For the second part, it is a consequence of Property 7.2 that
Iy, C Iy, by combining this with (7.14) one obtains (7.15). O

Theorem 7.2. Given a multibody system equipped with internal siz-axis
force-torque sensors, the identifiable subspace of the dynamics regressor Iy
is a subspace of the identifiable subspace of the combined regressor of all
submodel base dynamics Iy, i.e.:

Iy C Iy, (7.16)

Proof. From Property 7.2 we have that Iydm is given by:

[Y¢Em = Z [Y¢sm (717)
smeM

while from Property 7.1 and from the structure of Y; we have that

IS Y I, (7.18)
smeM
Combining these two statements with (7.14) one obtains (7.16). O

Theorem 7.3. Given a multibody system equipped with internal siz-axis
force-torque sensors, and one submodel sm € M induced by the force-torque
sensors for every joint J belonging to sm the identifiable subspace of the
regressor used for torque estimation (7.5) is a subspace of the identifiable
subspace of the regressor of the submodel base dynamics Iy, i.e.:

Vjedg—Jo Iy, Cly,, - (7.19)
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Proof. If we consider the submodel sm as an indipendent multibody system
rather then as a submodel, we would have that the base submodel dynamics
regressor Yy would be exactly Y3, while, by choosing an appropriate base
link Iy_}J would be a line of Y;. Then, the theorem is demonstrated as a
consequence of (7.15). O

7.4 Experimental results

In this section we present the results obtained on a special version of the
iCub humanoid robot, in which some joints are equipped with joint torque
sensors and can provide us with a ground truth for the estimation of joint
torques and the corresponding identification of the inertial parameters.

= Link 1

FT sensor

Fig. 7.1 CAD drawing of the seven degree-of-freedom iCub arm used in the
experiments. Three out of the four joints (two in the shoulder and one in
the elbow) are sensorized with joint level torque sensors. These joints are
the ones considered in the proposed experiments.

Experiments were conducted on three joints (pitch and yaw in the shoul-
der and elbow)! of the iCub left arm (see Fig. 7.1). These joints are equipped
with joint level torque sensors. Additionally a single F /T sensor is positioned
in the middle of the upper arm as represented in Fig. 7.1. In the experiment,

Thttp://wiki.icub.org/wiki/ICub_joints
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data from the F/T sensor were used to estimate the associated base param-
eters. Thanks to the theoretical results presented in the previous sections,
these parameters coincides with the one used by the method in the rRNEA
to obtain an estimation of the joint torques. These estimations have been
compared with direct joint torque measurements, used in this framework
as a ground truth. Results are presented in Fig. 7.2 where we reported in
blue direct joint torque measurements, in red predictions using CAD pa-
rameters and in green predictions from the estimation in Fumagalli et al.
[2012] supplied with the on-line estimation of the base parameters (presented
in Fig. 7.3). At the beginning of the simulation estimated parameters are
clearly not sufficiently well estimated to predict with sufficient accuracy the
joint torques. This condition holds true until the arm starts moving (vertical
solid black line in both Fig. 7.2 and Fig. 7.3).

During the testing trajectories, the end-effector randomly moved in Carte-
sian space, without any interaction with the environment. Literature on
suitable choices of the exciting trajectories is extensive, but such an imple-
mentation is out of the scope of the present paper. This simpler choice is
also motivated by two factors: first, we need to avoid self-collision of the
robot in a simple way; second, we need to generate trajectories similar to
those produced during standard operation of the humanoid robot and our
goal is to on-line estimate the parameters during standard operations. Joint
velocities and accelerations have been estimated using an adaptive-window
fitting algorithm Janabi-Sharifi et al. [2000].
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Joint torques Joint torque errors
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Fig. 7.2 Joint level torques (left part) and errors (right part): measured
(black), estimated with CAD parameters (red) and estimated with the pro-
cedure in Fumagalli et al. [2012] supplied with identified parameters (green).
The vertical solid gray line indicate the movement onset.
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Fig. 7.3 The picture shows the time behavior of the base parameters estima-
tion. The estimation is executed on-line in an iterative fashion. The onset of
the movement (vertical solid black line) determines the instant at which the
data from the F/T sensor become informative for the estimation problem.
Convergence is quite fast and mirrors the behavior of the torques estimation
in Fig. 7.2.
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Appendix A

Mathematical background on
Lie group formalism

In this appendix we will briefly define the concepts necessary to derive the
equations of motions from the principle of least action. To ensure that this
section is accessible to readers without an extensive background in differ-
ential geometry, we will only introduce concepts related to matrices of real
elements, rather then more abstract representations.

The reader interested in Lie Groups is referred to [Hall, 2003] and [Still-
well, 2008] for a basic overview of Matrix Lie Group theory, to [Selig, 2005]
and [Murray et al., 1994, Appendix] for an Lie Group applications in robotics
and to [Marsden and Ratiu, 1999] for an advanced approach to Lie Group
and their connection to mechanical systems.

A.1 DMatrix Lie Groups

Definition A.1 (Group). A set G associated with a binary operation - :
G x G — G is called a group (G,-) if the following properties are respected:

e Closure: For every g1, g2 € G their operation g1 - g2 belongs to G, i.e.
G is the domain of the group operation.!

e Associativity: For every gi,92,93 € G, (g1-92) - 93 =91 - (g2 - 93) -

e Existence of the identity: There exist an element of the group, called
identity I € G, such that for every g € G we have [ -g=g¢g-1 =g.

!This condition is implied in the definition of the binary operation, but it is typically
included in the group definition in literature.
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e Existence of the inverse: For each element g € G there exist another
element, called inverse of g : g' € G such thatg-g~' =g~ '-g=1.

Definition A.2 (Matrix Group). A group (G, -) in which:
e the set is a subset of R™*",
e the group operation is the matrix multiplication,
e the inverse is the matriz inversion,

is called Matrix Group.

Definition A.3 (Matrix Lie Group, [Hall, 2003] Definition 1.4). Given a
Matriz Group G, and if the following property holds for G:

o if Ay, is any sequence of matrices in G, and A, converges to some
matriz A, then either A is in G or A is not invertible,

then G is Matrix Lie Group.

Remark A.1. A group in which the group elements are matrices, but in
which the group operation is not the matrix multiplication is not a matriz
group. Similarly, a Lie group in which the group elements are matrices but
in which the group operation is not the matriz multiplication is not a matriz
Lie group.

Definition A.4 (Matrix Exponential). Given a Matriz X € R™", the
exponential pf the matriz X, indicated with exp (X), is defined as:

o0

X1

exp (X) = 27 (A1)
=0

Definition A.5 (Vector Derivative of Scalar-Valued Function). Given a

scalar-valued vector function I(-) : R™ — R, the vector derivative of I(u),

indicated with g—i € R, is defined as:

ol ol
=) = . A2
(5u>i Ou; (#4.2)
Definition A.6 (Vector Derivative of Vector-Valued Function). Given a

vector-valued vector function f(-) : R™ — R™, the vector derivative of f(u),
indicated with % € R™™ s defined as:

of\ _ 9f;
(m)_ auji' (A.3)

)
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If the argument u depends itself a scalar variable t € R, the total deriva-
tive of the composite function f(u(t)) can be written as:

d Of\" du

— === = A4

dt (f) <6u> dt (A-4)
Definition A.7 (Matrix Derivative). Given a function scalar-valued matriz

function I(-) : R™"™ +— R, the matriz derivative of I(X), indicated with
8%1( € R™™ ™ is defined as:

ol ol
() - s

Definition A.8 (Tangent Space of a Matrix Lie Group). Given a matriz
Lie group element g € G, the tangent space TyG' is the space of all matrices
X € R™™ such that there exist a smooth function v(t) : R — R™ "™ for

which: J
¥ - ( (1)

x| D) =G (A.6)

t=T

Definition A.9 (Dual of Tangent space). Let T,G be the tangent space of
a matriz Lie group G in its point g. Its dual space T;G is defined as the
space of all the linear functions from T,G to R:

T:G={f(): T,G—R|VX,Y €T,G f(X+Y)=fX+[Y}. (A7)

Remark A.2. If a G CR"™", then a generic element of T;G can be written
as a matriz f € R™", and its application to an element X € T4G can be
expressed as

(f, X) = Zfinij- (A.8)
ij

Definition A.10 (Lie algebra of a matrix Lie group, [Hall, 2003] Definition
3.18). Let G be a Matriz Lie Group. The Lie Algebra g of G is the set of
all matrices X € R™™"™ such that exp (Xt) is in G for allt € R , i.e. :

g:={X € R™" |exp (Xt) € G Vt € R}. (A.9)

Furthermore, for every X andY that belong to g, we have that XY —Y X
belongs to g. We then define the Lie Brackets [-,:] : g X g — g as:

[X,)Y]=XY -YX. (A.10)
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Definition A.11 (Dual space of the Lie algebra). Let g be a Lie algebra
of a Matriz Lie Group. Its dual space g* is defined as the space of all the
linear functions from g to R:

g ={f(): g~ R| VX, Yeg f(X+Y)=fX+ fY} (A.11)

Lemma A.1 (Lie algebra as the Tangent Space of the Identity). Let g be a
Lie algebra of a matriz Lie group G. We have that (as a set) the Lie algebra
coincides with the Tangent space of G at the identity.

g="1,G. (A.12)
Furthermore for the dual space g* we have that:
g =17 G. (A.13)

Lemma A.2 (Trivialization of Tangent Space). Let g € T,G be an element
of the tangent space of the matriz Lie group G. Then g~ '6g belongs to g
and is called left-trivialization of 6g. Furthermore 6gg~" belongs to g and
is called right-trivialization of dg.

Lemma A.3 (Trivialization of the dual Tangent Space). Let f € T, 3G be
an element of the dual tangent space of the matrix Lie group G. Then the
left-trivialization of f, indicated with g~ f € g* is defined as:

<g_1f7£> = <f7g€> (A14)

with £ € g.
Similarly the right-trivialization of f € T G, indicated with fog~teg
is defined as:

(fg1,€) = (f.¢9) (A.15)
with € € g.

Remark A.3. Note that while f € T;G can be represented by a nxn matriz
as discussed in Remark A.2, the left trivialization g~ ' f is mot the matriz
maultiplication of g~* € R™™ times the matriz representing f.

Definition A.12 (Adjoint action of a matrix Lie group on its Lie algebra,
[Hall, 2003] Definition 3.32). Let G be a matriz Lie group, with g its Lie
algebra. Then for each A € G, the Adjoint Map of the group Ads : g — ¢
1s defined as:

Ady X = AxA™L (A.16)
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Definition A.13 (Adjoint action of a matrix Lie group on the dual space
of its Lie algebra). Let G be a matriz Lie group, with g its Lie algebra and
g* its dual space. Then for each A € G, the Adjoint action of the group on
the dual space Ada : g +— g is defined as:

(Ady f,X) = (f,AdaY). (A.17)

Definition A.14 (Adjoint action of a Lie algebra on itself, [Hall, 2003]
Definition 3.7). Let g be a Lie algebra of a matriz Lie group G. Then for
each X € g, the Adjoint Map of the algebra adx : g — g is defined as:

ady Y = [X,Y]. (A.18)

Definition A.15 (Adjoint action of a Lie algebra on its dual space). Let g
be a Lie algebra of a matriz Lie group G, and let g* be its dual space. Then
given X,Y € g and f € g*, the Adjoint action of the algebra on the dual
space ad : g* — g* is defined as:

(adk f,Y) = (f,adxY). (A.19)

A.1.1 Matrix Lie Group Examples
Rotation matrices

The set SO(3) is the set of R3*3 orthogonal matrices with determinant equal
to one, namely

SO3):={RecR¥3 | RTR=1I5, det(R) =1}. (A.20)

When endowed with matrix multiplication, SO(3) becomes a Lie group, the
Special Orthogonal group of dimension three.

The Lie Algebra of SO(3) is s0(3), i.e. the set of skew-symmetric matrices
of dimension 3:

s0(3):={ScR¥>3| ST =_§}. (A.21)

In particular any element S € s0(3) has the following structure:

0 5,  —S8y
S=1|-s, 0 Sg |- (A.22)
sy —sz 0
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Consequently, an alternative representation for S is the s € R?, defined as:

Sq
s=5"=|sy]. (A.23)

Sz

We will call s the representation of the element S € s0(3) as a vector in R?,
with v the operator to map an element of s0(3) to the corresponding vector
in R3. The representation of s0(3) as R? simplifies the representation of the
covector in s0*(3) and all the adjoint actions presented in Definitions A.12,
A.13, A.14 and A.15. In particular, if the element of s0(3) is represented as a
vector, then also the element of s0*(3) can be represented as 3D vector, with
the application of the element s0*(3) to the element v € s0(3) is simply the
vector dot product:

(f,0) = fTo. (A.24)

Furthermore, all the adjoint actions on s0(3) and s0*(3) can be repre-
sented as 3 x 3 matrices. In particular for R € SO(3), v,u € R? ~ 50(3) and
we have:

Adgr =R, (A.25)
Ady = RT, (A.26)
ad, = v", (A.27)
ad;, = (UA)T = v (A.28)

Homogeneous transformation matrices

The set SE(3) is defined as

SE(3) := { [Oig ﬂ cR¥™ | ReSO@3),pe R3}. (A.29)

When endowed with matrix multiplication, it becomes the Special Fuclidean
group of dimension three, a Lie group that can be used to represent rigid
transformations and their composition in the 3D space.

The Lie Algebra of SE(3) is se(3), the set of the matrices defined as
following;:

se(3) := { [Oﬁg g] eR | Qeso(3),ve R3}. (A.30)
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As in the case of s0(3), we can also identify se(3) with R using the

following mapping;:
Q o]\’ v
v_<[0m OD _M (A.31)

Using this 6D vector representation, the adjoint action assume the form
of 4 x 4 real matrices, in particular:

Ady = :03R;3 O;R] = X, (A.32)
Ady = xT = [_ R];ZA . 013?3] : (A.33)
ady = :02):3 :}Y/] = VX, (A.34)
ad? = (vx)T = [:fj: i}i] (A.35)

where the 6D cross product vx is defined in (2.37).

Real Vector Spaces endowed with vector sum

The vector space or real vectors of dimension n can be seen as a Matrix Lie
Group. In particular the vector u € R™ can be mapped to a specific group
of matrices in R(++1)x(nt+1).
1, v
A.36
|:01 Xn 1:| ( )

It is trivial to verify that a group multiplication in this space is equivalent
to a sum in the vector space:

1, v 1, U 1, v+ u
= A.37
|:01><n 1:| |:01><n 1:| |:01><n 1 :| ( )
Thanks to such a mapping, we can consider the real vector space R™ to be
equivalent to a matrix Lie group.

The Lie Algebra of such a matrix Lie group is the set of matrices of
format:

Opxn
e ] e

A convenient vector representation of such a matrix is obviously the u vector
itself.
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Using this vector representation, the adjoint actions are defined as ma-
trices in R™*":

Ad, = 1,, (A.39)
Ad} =1, (A.40)
ady = 0 xn, (A.41)
ad} = Opxn. (A.42)

A.2 Multibody Dynamics Notation and its con-
nection to Lie Groups

In this section, the connection between the notation introduced in Chapter 2
and the concepts of matrix Lie groups reviewed in this appendix.

A.2.1 Frame Pose and 6D Velocity

Given two frames A and B, their relative pose can be represented by the
homogeneous transform 4Hp, that is an element of the matrix Lie group
SE(3). Given a trajectory of the rigid body AHp(t) : R — SE(3), the
time derivative 4 Hp(t) belongs to the tangent space Tap,SE(3). The left-
trivialized velocity B v/ g and the right-trivialized AVI/L\L g both belong to the
Lie algebra of SE(3), i.e. se(3).

A.2.2 Cross Product on RS

In the language of Lie groups, the R® cross product vx introduced in (2.37)
is nothing else that the matrix representation of the adjoint action of RS
on itself, indicated with ad, when thinking at R® as the Lie algebra induced
by the Lie algebra homeomorphism (2.7) between RS and se(3). Defining
g =“4Hp € SE(3), (2.36) is then usually written as (cf. [Marsden and Ratiu,
1999, Chapter 9, equation (9.3.4)])

d

7 Ady = Adgad,—1y, (A.43)
where Ad, = AXp and adg-14 = AVA7B><, with g7 1g = BVA,B. This notation
is used in the robotic literature in, e.g., [Garofalo et al., 2013] and [Park et al.,
1995]. This connection with Lie group theory allows to obtain immediately
useful algebraic equalities such as, e.g., the identity (v x w)" = v w" —

w v =: [v",w"], valid for arbitrary vectors v and w € RS that derives
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from the fact that the adjoint operator ad is nothing else than the matrix
commutator [-, -] when using the matrix representations (v and w”) of the
Lie algebra elements.

A.2.3 The dual cross product on R° (x*)

In the language of matrix Lie groups, the dual space of se(3) (i.e., the space
of linear applications from se(3) to R) is indicated with se(3)* and is the
space where 6D forces belong (as opposed to s¢(3) where 6D velocity belong).
In terms of Lie group theory, the 6D force coordinate trasformation 4 X7? is
written

aXP =Ad; (A.44)
with ¢ = AHp € SE(3). Recall that Ady = AXp and Adg—1 = BX 4. Then,

posing " = Bv)} p € s¢(3), one sees that

Byapx*=—adf. (A.45)

Once again, note how the symbol x* appearing in (2.50) has been explicitly
chosen to remind the fact that (2.50) is obtained from the product (x) given
in (2.37), by computing its adjoint (%) and changing its sign (—). Finally,
(2.49) is simply

d * * *
a Adgfl = — Adgfl ad£ (A46)

for g = g¢, with g = 4Hp and ¢ = BVQ,B.

A.3 Euler-Poincaré Equations and Rigid Body Dy-
namics

The Euler-Poincaré Equations are the generalization of the Euler-Lagrange
equations to a system whose configuration space is a Lie Group.

A.3.1 Euler-Poincaré Equations

Theorem A.l. Let G be a Matrix Lie group and let L : TG — R be a
Lagrangian function. Let | : G x g — R be the left-trivialization of the
Lagrangian L, that is defined (g, &) := L(g, g€). Then, the variational prin-
ciple

T
5/0 L(g,§)dt =0 (A.A4T7)
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with variations 0q with fized end points is equivalent to the Fuler-Poincare
equations

A g O
dat oc ~ "€ ¢ dg

with reconstruction equation ¢ = g€ and where gil% is the left-trivialization

(A.48)

of 2L 5g0 08 defined in Lemma A.S.

Proof. To prove the theorem we first transform (A.47) on a variational equa-
tion expressed with respect to I. We express the variation d¢ as a function

of variations dg = %‘ and 09 = %‘ , obtaining
0 e=0

6¢ = je (97'9)] =-(9"5997") g+ g 'dg
e=0
=€ +97'8g

Computing the time derivative of n = g~1dg, recalling that %59 = 4§g, we
get

.ood o, 1. _ 1.
=9 159) == (97997 ") 69+ g 69
= —&n+g7'0g.

We therefore obtain, combining the two equations above, that
0§ = &n —n& + 1 = ade n + 1. (A.49)

The variational principle (A.47) is equivalent to

T
5 /0 (g, €)dt =

with variations of the form (A.49) fixed at the end points. Expliciting, the

above reads
ol
— - 0g + — 5)
/0 <ag T: :
/T<“ >+< aden i) it =
/T _1ﬁ ad® 81 d@l
T ol d ol
-1
/0 < ag T2 dtag’”>
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where we used integration by parts to go from the second to the third step,
recalling that 7 is a variation with fixed end points. Given that dg (and
hence 1) is arbitrary, we finally get

d 0l , Ol 00

atoe "o 7 oy
with ¢ = ¢€. O

0 (A51)

A.3.2 Rigid Body Dynamics

For obtaining the Rigid Body equation of motions we can write the Euler-
Poincaré equations with ¢ = H,£ = v, and the left-trivialized lagrangian is
given in Proposition 2.1.

Expliciting the different terms of the Euler-Poincaré equations, we have:

—adl = vx", (A.52a)
ol
— = My, (A.52D)
ov

d ol

Bl A.52

dt Ov (A.52¢)

The first equivalence is consequence from the definition of vx*, while the
other two come from the fact that M is constant and hence independent
from v.

. -100 _ —-10U
For the term that depends on the potential energy —H ™" 577 = —H

9H>

from the definition of left-trivialization in Lemma A.3 and given n = Zl} €
a

RS, n" € se(3) we have:

()

()

G
S (1, DL

= (RTg)" [ml3 —mc|n.

From the last equation, we can write —H *1% in vector form as:
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_, 0l ml RTyg
~H 187{ = [mci] RTg=M |:03><1] : (A.53)

Combining equations and (A.53), we obtain equation.

A.4 Hamel Equations and Multi Body Dynamics

A.4.1 Hamel Equations

If the configuration space of a mechanical system is a combination of a Lie
Group and of a vector space, then the Euler-Poincaré can be specialized in
the Hamel equations.

Theorem A.2. Let QQ be a Matrixz Lie group defined as the direct product of
another Matriz Lie Group G and of a real vector space R", i.e. Q = GxR"™.
Furthermore let L : G x R" x TG x R" — R be a Lagrangian function. Let
l:GxR"xgxR"— R the left-trivialization (relative just to G) of the
Lagrangian L, defined as (g, s,§,$) := L(g,s,9§,8). Then, the variational
principle

T
5/ L(g,s,g,$)dt =0 (A.54)
0

with variations (dg, ds) with fized end points is equivalent to the Hamel equa-
tions

daor o _, ol

22 adr = — — =90 A.55
datoc o 9 by (4.550)
dol ol

with reconstruction equation § = g&¢”" and where g~ ! % is the left-trivialization

of 6—;, as defined in Lemma A.S.

Proof. The variational principle (A.54) is equivalent to

T
5/ (g,s,§,8)dt =0
0

with variations of the base part of the form (A.49) fixed at the end points.
Expliciting, the above reads:

T 7ol ol ol ol .
/O<ag.59+8£.5§_|_83.55+a§-55> dt.
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It is possible to separate the first two term from the last two terms.
Proceeding for the first two terms as in (A.50), and similarly for the last
two terms we can (A.54) as:

T
ol ol d ol ol d ol
T tadf - - = — — ——,0s )dt =0.
/0 <9 59 "% B¢ dtag’”>+<5s 95" 0
Given that n and Js are arbitrary, we get that both (A.55a) and (A.55b)

need to be satisfied.
O

A.4.2 Multi Body Dynamics

The Hamel equations (A.55) can be written for multibody dynamics with
g = H,& = v and using the lagrangian defined in (3.48). First, we can
combine the first terms of the base and shape equations in a single term:

o]
1510
_doM(s)v)
o dt ov -

= M(s)v + <th(s)> V.

The second term and third terms of the base equation of motion, recalling
that —ad} = vx* and the equivalent derivations in Subsection A.3.2 are:

ol _
—adj v vx* (M(s)v + F(s)s), (A.56)
v
_ ol m13 RTg
—H ' — =— Tg=—M . A.
e e L OY (A.57)
The second term of the shape Hamel equations is given as:
ol o (1 o Oc r
—— =——1|zv'M - — : A.
0s 0s <2V (S)V> 83R g (A.58)
Combining the different terms, we obtain:
d x* :
M)+ [ Laa(s))w— |V M+ FE)S] (A.59)
dt On><1
0 mlg
6x1 A T
— |mc™(s)| R g =0, A.60
[595 (%VTM(S)V)} gc( ) 9 (n+6)x1 ( )
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The first term is the only one that depends on the acceleration of the sys-
tem, while the last one is the only one that depends on the gravitation
acceleration.

From straightforward algebraic manipulations we then have that:

4 S 1% _ .
[(%(ét%g\}()s)y)] = ZL: Ji [(VLX*LML + tMpvpx) Jp + LMLJ[(]A.Gl)
m13
meM(s)| RTg = M(s) [ORTQ } . (A.62)
% 3+ny
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