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Abstract

Although at date humanoid robots are still not ready to be used alongside humans in everyday
life, clearly legged locomotion is a key feature for robot to posses if they are expected to exten-
sively interact in an environment designed for humans. Legged robots are challenging systems to
control due to their hybrid nature, underactuation and unilateral constraints. Additionally, highly
dynamic tasks as jumping and running require performant actuation principles. Elastic joints are,
therefore, often used due to their capability to store energy. The notion of elastic joint robots has a
long history in robotics. Nevertheless, while the joint elasticity was originally treated as a distur-
bance of the rigid-body dynamics and therefore it had to be minimized during both the mechanical
and control design processes, more recent drive concepts like series elastic actuators or variable
impedance actuators deliberately introduce elasticity for implementing torque control, increasing
physical robustness, or reaching high output velocities. As a consequence, legged robots which
use this type of actuation principle have another source of underactuation introduced in the system
model.

The main contribution of the thesis is the design of a dynamic state feedback to produce asymp-
totically stable limit cycles for an elastically actuated robot. The controller produces the desired
periodic motion recruiting directly the springs contained in the joints, as opposed to classic con-
trollers for elastic joint robots, which are designed to minimize the effects of the elasticity. To the
best of the knowledge of the author, this is the first controller to exploit the presence of elasticity.
In an ideal nominal case of frictionless system, the control law will stop the motors after a transient
and the oscillations are sustained by the springs. The controller is able to achieve this result by
regulating an energy function of the closed loop system to a desired constant value. The energy
function is defined using the stiffness of the real springs in the joints, beside the gravitational po-
tential energy and the kinetic energy of the links. The limit cycle of the closed loop system is itself
defined by the desired value of the energy function. As a consequence, another interesting feature
of the controller is the capability to regulate the robot to a desired equilibrium point (in alternative
to the limit cycle), by simply setting to a nonpositive value the desired energy.

The final structure of the controller is obtained after some intermediate steps. While a dynamic
state feedback is employed for the multi-joint case, a simple static state feedback is used for
regulating the energy of a single elastic joint. Nevertheless, the limitation to a single joint is not
required if the controller has to be used for regulation to an equilibrium point. The design of this
simpler controller represents another contribution of the thesis.

Before the design of the controllers for elastically actuated robots, the simpler, more common
case of rigidly actuated robots is considered. Also for this case, a control law is designed to



solve the problem of orbital stabilization. Similarly, the controller produces the asymptotically
stable limit cycle by regulating an energy function. This time, a virtual potential introduced by
the controller is used in the definition of the energy, since no elastic elements are present in the
system. This contribution is also further extended to a robust version of the controller.

The stability analysis of all the energy based controllers relies on semidefinite Lyapunov func-
tions. A contribution is made concerning this topic by extending the theorems for the stability
analysis of equilibrium points to the case of generic bounded invariant sets, i.e. including also
limit cycles.

Elasticity specific to the case of legged locomotion is also considered. Several works can be
found in the biomechanics field in which the role of elasticity is shown to be crucial to obtain the
main features of a locomotion pattern. The spring loaded inverted pendulum (SLIP) is a very sim-
ple, yet powerful way to extrapolate center of mass trajectories and vertical ground reaction forces
profiles of a wide set of gaits. A contribution of the thesis is to map this simple one mass model
on a multi-body robot in order to obtain a walking pattern and insights on the use of elasticity in
locomotion. Using an even simpler version of the SLIP model, an energy based approach is shown
to be effective to produce a jumping pattern. Another contribution of this work is to incorporate
the dynamic state feedback for elastically actuated robots in a state of the art optimization frame-
work, originally designed for balancing humanoid robots. In this way, it is possible to command
the robot to initiate and stop a sequence of jumps.

Finally, the last contribution of the thesis is the design of a control law for regulating the end
effector of a floating based robot in presence of nonzero generalized momentum. Although the
controller is considered for a satellite with a robotic arm, it can be seen as a first result towards
improved control of the feet of a humanoid robot during the flight phase. A satellite, in fact, shares
the same structure of the dynamic model as a humanoid robot, but the absence of gravity simplifies
the problem. This results rely on the findings of this work on the structure of the dynamic model
of a floating base system.
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CHAPTER 1

Introduction

The interest of the robotic community in locomotion is already decades old, starting with the
pioneering works of Vukobratovic [VB05], Kato [KOK 73], Raibert [Rai86] as well as of McGeer
[McG90]. In some sense these authors laid down a dichotomy in the field: on one side fully
actuated robots based, for example, on the concept of the zero-moment point (ZMP) and on the
other purely passive mechanical systems or with very little actuation based on cyclic behavior and
orbital stability. Furthermore, in the biomechanics community Blickhan [Bl1i89] started proposing
template models which can reproduce locomotion patterns by means of elastic elements; not too
differently from the pogo stick principle used in the first hopping robots developed by Raibert at
the MIT. It was becoming quite clear that the role of the actuation is of paramount importance in
highly dynamical systems like legged robots; as intuition might suggest when thinking of tasks
like running or jumping.

It is not surprising then if legged robots have been both the application and motivation for the
design of innovative actuation systems. Even less of a surprise is that often these new actuator
designs include elastic elements in order to achieve efficiency through energy storage (which is
clearly inspired by the human capabilities of storing energy in tendons and muscles). Different
uses for springs in legged locomotion [Ale90] show that there are two main reasons for consid-
ering their presence: energy storage (which means less energy consumption and unwanted heat
production) and smaller force at the impact of the foot on the ground (which decrease the risk of
damages). The notion of elastic joint robots has also a long history in robotics. Nevertheless, while
in the seminal publications by Spong [Spo87] and De Luca [De 88] in the late 80s and early 90s,
the joint elasticity was originally treated as a disturbance of the rigid-body dynamics, more recent
drive concepts like series elastic actuators [PW95] or variable impedance actuators [WEH11] de-
liberately introduce elasticity for implementing torque control, increasing physical robustness, or
reaching high output velocities.

A common challenge to both fields is coping with the underactuation of the system, which
clearly increases the complexity of the controller design. A schematic of the problems can be
found in Fig. 1.1. For legged robots the underactuation is a direct consequence of their base free
nature, as opposed to the classical base fixed robot manipulators. Legged robots are free systems
in space subject to nonconstant unilateral contacts provided by the interaction with the floor. The
torques provided by the motors in the joints and the reaction forces exerted by the floor cannot be
all directly and arbitrarily chosen by the controller, from which the underactuation of the system

17



1. Introduction

) motor —A\/\/\— link

Figure 1.1.: Schematic of the sources of the underactuation.

arise. If the robot can be considered as having a foot motionless during a specific phase of its task,
then the model is that of a classical manipulator. The system can even become overactuated if more
than one foot is rigidly in contact with the floor, in which case a force distribution problem must
be solved. For elastic joint robots, on the other hand, the underactuation is due to the presence of
the elastic element itself, which couples the motor to the link. Although the goal is to control the
position of the link, the latter is affected by the action of the spring which cannot be directly and
arbitrarily chosen by the controller.

A short overview of the existing methods for dealing both with the underactuation problem in
legged robots and elastic joint robots is presented.

1.1. The underactuation in biped robots

Biped robots can be modeled as nonsmooth hybrid systems. The nonsmoothness arises from
the occurrence of the impacts, while the word hybrid refers to the mix of both a continuous and
discrete dynamics due to the presence of algebraic constraints modeling the restriction imposed
on the state by the floor. When any of the constraints is active, the model describing the system is
a differential-algebraic equation (DAE) [Bro99].

Taking into account the underactuation of a biped robot is a challenging task. Therefore, often
simplified model are used for the design of the controller. The linear inverted pendulum model is
often used in conjunction with the ZMP in order to prevent the robot from tilting. In [EOR*11],
for example, a ZMP controller provides the center of mass (CoM) reference trajectory using the
values of the measured and the desired ZMP. The latter is computed stabilizing the unstable part
of the CoM dynamics, referred to as capture point in [PCDGO06]. Keeping the ZMP within the
support polygon ensures that the robot is not tilting over. Nevertheless, the limitations due to the
friction cone are not taken into account.

The best solution to deal with the unilateral constraint imposed by the floor is to set up an opti-
mization problem. The latter can be used just at the planning level, for parameterized trajectories
or in an online scheme. In the first case, the joint trajectories are expressed typically by splines,
whose coefficients are determined solving an optimization problem that guaranties the satisfac-
tion of all the equality and inequality constraints [DCAO0S5,SYLMOS]. A classic PD controller can
later be used to track these desired trajectories. The drawback of this approach is in the lack of
robustness since the feasibility constraints are only taken into account during the planning phase,
as well as the necessity of replanning in case of changes in the environment or in general when
modifications to the desired trajectories are required. Using parameterized trajectories partially
overcomes the latter problem. The idea of the method is to express the trajectories in terms of
a set of parameters. Changing the parameters allows to adapt the desired trajectory to achieve
different step lengths or walking speeds [WCO06]. A similar idea is used in the context of hybrid

18



1.2. Control of elastic joint robots

zero dynamics of planar biped walkers [WGC™07]. In this case, the optimization provides the
parameters of the parameterized trajectories to stabilize the hybrid zero dynamics (HZD), once
suitable output functions have been chosen. The HZD is an extension of the zero dynamics [Isi95]
to a hybrid system. The additional requirement is that the invariant manifold, on which the zero
dynamics is defined, must be also invariant under the impact map of the system. If the convergence
of the virtual constraint is exponentially fast, then the asymptotic stability of the HZD implies the
asymptotic stability of the whole hybrid system.

The most robust way to use the optimization is to use it for both the planning and the on-
line control. The limitations of this approach are in the computation cost and the availability of
theoretical results for the stability analysis. For example, the nonlinear model predictive control
(NMPC) presents stability properties only for a particular class of nonlinear systems and under
certain assumptions [ABQ"99, APE04].

Finally, some balancing controllers, like those in [HOR 14, HDO16], resort to an optimization
problem in order to obtain a solution to the force redistribution problem that arises when more than
one end effector is in contact with the environment. In this case, the controller aims at producing
desired contact forces, which are obtained by choosing the necessary torques at the joints.

1.2. Control of elastic joint robots

Elastically actuated robots, in contrast to robot with a flexible link structure, are modeled using a
spring connecting the motor to the link that it actuates.

Tomei [Tom91] in the early 90s already showed that elastic joint robots can be stabilized to a
desired configuration by a simple PD controller for the motor angle, provided also a compensation
of the gravity torque at the equilibrium. Since then, many other controllers have been proposed.
Loosely speaking, the gravity compensation was the only term fighting the underactuation, so to
achieve better results other authors started using additional feedback information.

In [GHS89], an approximate analysis based on the singular perturbation theory justifies the use
of torque measurements and link side positions. In [ASHO1], the whole state of the robot (motor
position, torques and their first derivatives) is used in the feedback loop. The best performance
is theoretically given by decoupling based approaches, which provide a partially or even fully
linearized closed loop system and ensure global asymptotic stability also for the tracking case.
Nevertheless, passivity based approaches [ASOH07, OASKHOS8] do not require measurements of
the contact forces and therefore provide a high degree of robustness for contacts with unknown
environments. Static and dynamic feedback linearization were used in [Spo87, De 88, DL98] in
order to solve the tracking problem, both for the reduced and complete model of flexible joint
robots. These controllers, however, require as a state vector the link side positions up to their third
derivative and/or a very accurate robot model. The situation with backstepping based controllers is
similar to that of decoupling based approaches. Backstepping is based on the idea of considering
the torque produced by the springs [NT93] as an intermediate input to be used to control the link
equations. In a second step, the actual torque input to the motors are designed so as to follow the
reference behavior for the previous intermediate input. A comparison of the many works on this
topic can be found in [BOL95]. This design process is easily transformed into an adaptive version.
In order to cope with parameter uncertainty, adaptive control results for robots with elastic joints
include the high-gain (approximate) scheme [Spo89] and the global (but very complex) solution
obtained in [LB92]. Moreover, robust control schemes based on sliding mode techniques have
been proposed in [SRS88]. On the other hand, singular perturbation based controllers are easy to
implement, but their performance is theoretically and practically limited to the case of relatively
high joint stiffness. A nonlinear controller based on the two-time scale separation property was
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1. Introduction

Introduction

Dynamics
[GOAS13b, GHEO!15]

SLIP based control Rigid joint robots no underactuation
[GOAS12a] [GOAS13c¢]

[ Elastic joint robots ] underactuated joints

[GEO15,GO16b,GO17]

[ Jumping control ] underactuated joints and base

Flight control Robustness
[GGdS*16] [GO16a]

Conclusion

Figure 1.2.: Graphical overview of the thesis and the relation to the publications.

proposed in [KK85].
Finally, the case of Cartesian impedance for elastic joint robots was considered in [Ott08], were
singular perturbation, backstepping and passivity approaches are analyzed and compared.

1.3. Overview and organization of the thesis

From what has been said so far it is clear that the analysis and control of legged robots with,
additionally, elastically actuated joints are definitely not easy tasks. Even when adding numerous
simplifying hypothesis, the problem can be extremely difficult to solve. In this work, a passive
behavior of the system with respect to the contact forces is aimed at. The control action will be
designed avoiding as much as possible force measurements, which in such a highly dynamic task
are likely to be not reliable. At the same time, the periodicity of locomotion patterns is targeted
through regulation of an energy function of the system. The motivation behind this choice is the
presence of the elastic elements in the joints. Since energy will be stored in the deflected springs,
it is clear that taking directly this energy into account to establish a repetitive task of the robot
can be one way to exploit the presence of this type of actuation. To the best of the knowledge
of the author, this is so far the only approach that clearly shows how to take advantage of such
actuation principle. The final result of this work consists in achieving a sequence of jumps with
an elastically actuated biped robot. The designed control law does not rely on strong simplifying
assumptions, it uses the whole dynamic model of the robot and it is based on the asymptotically
stable controller for elastic joints presented in this thesis. Nevertheless, in order to achieve the
goal, several intermediate steps are taken. The simplification used in each step will consist in
removing one or both the sources of underactuation in the system. The organization of the thesis
is sketched in Fig. 1.2, where additionally the papers from Table 1.1 and Table 1.2, that constitute
the main references for the chapters, are indicated.

The chapters circled in gray are not directly related to the design steps followed to obtain the
controller responsible for producing a jumping sequence with an elastically actuated robot. In
chapter 2, the focus is on the dynamic model of the robot and its properties. The information
in there give directions for building a dynamic library, which is indispensable for testing and
implementing the controllers presented in this work. Chapter 7 and chapter 8, instead, provide
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1.3. Overview and organization of the thesis

solutions to improve the control of the end effector during the flight phase and increase the
robustness of the energy control in presence of disturbances.

In the chapters in red, all the sources of underactuation are removed and a rigidly actuated robot
with a fixed base will be considered. Chapter 3 focuses more on the legged robotics side of the
problem, providing a solution for mapping a simple template model on an actual robot. The
goal is to understand how to use the elasticity in locomotion through control strategies inspired by
the SLIP template model. In chapter 4 the focus is shifted on the energy regulation. There, the
problem of generating an asymptotically stable limit cycle for a rigidly actuated manipulator
is solved.

When the underactuation due to the elastic joints is considered, new controllers need to be
designed. The latter are presented in the chapter 5 (circled in brown) and allow to solve the
problem of orbital stabilization for elastic joint robots. The control laws are capable of both
establishing and damping out controlled oscillations and represents probably the main theoretical
contribution of the thesis.

Chapter 6 (circled in blue) takes into account all the forms of underactuation, and a jumping
controller for elastically actuated robots is presented.

Finally, chapter 9 summarizes the contributions of the thesis and provides directions for future
works.
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Table 1.1.: List of publications as first author.

Reference

Description

Journal, [GO16a]

Gianluca Garofalo and Christian Ott. Limit cycle control using en-
ergy function regulation with friction compensation. IEEE Robotics
and Automation Letters (RA-L), 1(1):90-97, 2016

Journal, [GO17]

Gianluca Garofalo and Christian Ott. Energy based limit cycle con-
trol of elastically actuated robots. IEEE Trans. on Automatic Con-
trol, page to appear, 2017

Conference, [GOAS12a]

Gianluca Garofalo, Christian Ott, and Alin Albu-Schiffer. Walking
control of fully actuated robots based on the bipedal SLIP model. In
IEEE Int. Conf. on Robotics and Automation (ICRA), pages 1999—
2004, Saint Paul, USA, May 2012

Conference, [GOAS13c]

Gianluca Garofalo, Christian Ott, and Alin Albu-Schéffer. Orbital
stabilization of mechanical systems through semidefinite Lyapunov
functions. In American Control Conference (ACC), pages 5735—
5741, Washington DC, USA, June 2013

Conference, [GOAS13b]

Gianluca Garofalo, Christian Ott, and Alin Albu-Schiffer. On the
closed form computation of the dynamic matrices and their differ-
entiations. In IEEE/RSJ Int. Conf. on Intelligent Robots and Sys-
tems (IROS), pages 2364-2359, Tokyo, Japan, November 2013

Conference, [GHEO15]

Gianluca Garofalo, Bernd Henze, Johannes Englsberger, and Chris-
tian Ott. On the inertially decoupled structure of the floating base
robot dynamics. In 8th Vienna International Conference on Mathe-
matical Modelling (2015), pages 322-327, Vienna, Austria, Febru-
ary 2015

Conference, [GEO15]

Gianluca Garofalo, Johannes Englsberger, and Christian Ott. On
the regulation of the energy of elastic joint robots: excitation and
damping of oscillations. In American Control Conference (ACC),
pages 4825-4831, Chicago, USA, July 2015

Conference, [GO16b]

Gianluca Garofalo and Christian Ott. Steps towards energy effi-
ciency in elastically actuated robots. In Mohammad O. Tokhi and
Gurvinder S. Virk, editors, Advances in Cooperative Robotics: Pro-
ceedings of the 19th International Conference on CLAWAR 2016,
pages 780782, London, UK, September 2016. World Scientific

Poster, [GOAS12b]

Gianluca Garofalo, Christian Ott, and Alin Albu-Schiffer. Walking
control of fully actuated robots based on the bipedal SLIP model.

In Proceedings of the Conference on Dynamic Walking, Pensacola,
USA, May 2012

Poster, [GOAS13a]

Gianluca Garofalo, Christian Ott, and Alin Albu-Schiffer. Asymp-
totically stable limit cycles generation by using nullspace decom-

position and energy regulation. In DGR-Tage, Munich, Germany,
October 2013
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Table 1.2.: List of publications as coauthor.

Reference

Description

Journal, [PZGO14]

Tadej Petri¢, Leon Zlajpah, Gianluca Garofalo, and Christian Ott.
Walking with adaptive oscillator and dynamic movement primi-
tives. International Journal of Mechanics and Control, 15(1):3-10,
2014

Conference, [PZGO13]

Tadej Petri¢, Leon Zlajpah, Gianluca Garofalo, and Christian Ott.
Walking control using adaptive oscillators combined with dynamic
movement primitives. In 22nd International Workshop on Robotics
in Alpe-Adria-Danube Region (RAAD), pages 204-211, PortoroZ,
Slovenia, September 2013

Conference, [LGP'13]

Dominic Lakatos, Gianluca Garofalo, Florian Petit, Christian Ott,
and Alin Albu-Schiffer. Modal limit cycle control for variable stiff-
ness actuated robots. In IEEE Int. Conf. on Robotics and Automa-
tion (ICRA), pages 4934-4941, Karlsruhe, Germany, May 2013

Conference, [LGDAS14]

Dominic Lakatos, Gianluca Garofalo, Alexander Dietrich, and Alin
Albu-Schiffer. Jumping control for compliantly actuated multi-
legged robots. In IEEE Int. Conf. on Robotics and Automation
(ICRA), pages 4562-4568, Hong Kong, China, May 2014

Conference, [EWO™ 14]

Johannes Englsberger, Alexander Werner, Christian Ott, Bernd
Henze, Maximo A. Roa, Gianluca Garofalo, Robert Burger,
Alexander Beyer, Oliver Eiberger, Korbinian Schmid, and Alin
Albu-Schéffer. Overview of the torque-controlled humanoid robot
TORO. In IEEE/RAS Int. Conf. on Humanoid Robots, pages 916—
923, Madrid, Spain, November 2014

Conference, [HWR ' 14]

Bernd Henze, Alexander Werner, Maximo Alejandro Roa, Gian-
luca Garofalo, Johannes Englsberger, and Christian Ott. Control
applications of toro - a torque controlled humanoid robot. In
IEEE/RAS Int. Conf. on Humanoid Robots, Madrid, Spain, Novem-
ber 2014

Conference, [GGdS™16]

Alessandro Massimo Giordano, Gianluca Garofalo, Marco de Ste-
fano, Christian Ott, and Alin Albu-Schiffer. Dynamics and control
of a free-floating space robot in presence of nonzero linear and an-
gular momenta. In IEEE Conf. on Decision and Control, page to
appear, 2016
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CHAPTER 2

Dynamics

As a result of the steady increasing complexity of robotic systems, researchers have constantly
analyzed the dynamic equations of motion of the robot to improve the computational efficiency
and gain insights that might lead to more effective control laws.

Some of the milestones are the results provided in [Uic65, SV76] where the recursive Newton-
Euler algorithm was formulated and in [OMVH79] where a more efficient version was presented.
In [Hol80] it was shown that not only the Newton-Euler approach, but also the Lagrangian formu-
lation could provide an equally efficient algorithm and in [Sil82] the equivalence of the two meth-
ods was provided. While the previous works deal with the inverse dynamics problem, in [Ver74]
the direct one is considered, so that in the end for both problems algorithms with O(n) complexity
are available. Other authors investigated the possibility of using more elegant and efficient tools
to write the dynamics. Important are the works of Featherstone [Fea87], Rodriguez [Rod87] and
Park et al. [PBP95], where spatial operator algebra and Lie groups are respectively used.

The remainder of this chapter strongly relies on screw theory, therefore in section 2.1 some of
the basic concepts are recalled. An influential textbook on this topic is [MLS94], to which the
reader is referred for the details. However, the goal of the section is to make the reader famil-
iar with the notation used and moreover to look at the problem from a point of view typical of
control theory. As insights about the structure of the equations have turned out to be of great
usefulness when dealing with floating base robots, section 2.2.2 collects some classic properties
and others introduced in this work. On the other hand, flexible joint robots have risen the need of
computing the derivatives with respect to time of all the matrices of the dynamic model, as it is
shown in [Spo87,DF11, Ott08]. The solution of other problems and analysis requires, instead, to
differentiate the matrices with respect to the state or the dynamic parameters. The controllability
analysis of underactuated manipulators motivated in [Miil07] to provide an efficient factorization
for the inverse of the inertia matrix, in order to compute its partial derivatives. The derivative with
respect to the state of the direct and inverse dynamic function, useful in optimization problems or
in state estimation problems, were provided in [SYLMO08, SBO1]. For these reasons, section 2.3
contributes to the differentiation with respect to time, state and dynamic parameters of the matrices
of the dynamic model.

For the reader not familiar with twists and wrenches, the expression of the matrices used in the
chapter are provided. To this end, let E3 € R3*3 be the identity matrix, O3.3 € R3*3 and 0 € R?
have all the entries equal to zero, while I} is the inertia tensor with respect to a frame oriented as
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2. Dynamics

Figure 2.1.: Given the frame p and the frame k, o, ; is the vector connecting their origins and R, x
the rotation matrix to go from p to k.

the body frame and with the origin in the CoM of the rigid body (indicated with ;). Finally, & is
the skew symmetric matrix such that @b = a x b. Then, the homogeneous transformation matrix,
adjoint and Lie bracket matrices for a given rotation matrix! R, € SO(3) and position vector
opx € R? as in Fig. 2.1 are:

. Rp’k Op’k . Rp’k 6p7kRp7k . o d)k ﬁk
Tp’k_{OT 1| o Adrk= O33Ry 8= O35 Wy’

where the convention for the twist coordinates uses the linear part for the top three rows and the

. T .
angular part for the bottom ones, i.e. v = [v] w]]| [MLS94]. All the other matrices are
defined accordingly, so the inertia matrix is:

A= [mkE3 — My }

m¥y I — myr'?
Nevertheless, throughout the chapter the explicit expression of the matrices is avoided, so the
reader used to the opposite convention will have no problem to follow the equations.

2.1. Screw theory in a nutshell

The goal of this section is to show that a screw motion of a rigid body can be seen as the flow of
a special dynamical system. This gives an interpretation of a screw in terms of system analysis
theory. To this end, it is useful to recall that given the non autonomous linear system

x(1) = A()x(1) , 2.1)

the integral solution can be easily computed when A(r) = A(0(t), where Ay is a constant matrix
and O(z) is a scalar function of time. In this case it is possible to write

x(t) = eA0fo 8(DdTy (o) | 2.2)

where it is assumed that the initial time is 7y = 0.

I'Since a rotation matrix has orthonormal columns and determinant equal to 1, it belongs to the special orthonormal
group SO (3) of the real (3 x 3) matrices.
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2.1. Screw theory in a nutshell

2.1.1. Screw motion

For a rigid body system the position of a point p® in the spatial frame, i.e. the fixed frame with
respect to which the motion of the body is considered, can be computed from the position of the
same point p” in the body frame, once it is known the homogeneous transformation matrix

T = [(ﬁ ﬂ : 2.3)

where R is the rotation matrix from the spatial to the body frame and o is the position vector of
the origin of the body frame in the spatial frame. When the body frame is moving in time, then

p()=T()p", 2.4)

p () =T ()p" =T )T ' (1)p*(r) . (2.5)

by
THT (1) = - ) (2.6)

where & (t) = R(t)R™!(t) is a skew symmetric matrix. It is therefore of interest to consider the
case when T'(t)T~'(t) = Ty6(t), since using (2.2) and assuming that the reference is chosen in
such a way that 6(0) = 0, the solution is

p’(1) = ™% Vp(0) . 2.7)

Introducing the constants wy and d, from (2.6) it follows that the goal is to satisfy

@(t) = wob(2) (2.8)
—a&(t)o(t)+o(t) =do(t) . (2.9)

Using the identity —JJ% = (E3 — wow] ), the decomposition of d along the direction of wy and an
orthogonal plane can be computed as

d=—&id+ wowl d = —wpc+ hwy (2.10)

being Wod = ¢ and w] d = h also constants. The final result is

T(OT () = ﬁ’)o _“V’OCOJF h“’o} 0(1), 2.11)

where the well known expression of the constant twist associated to a screw motion with pitch £,
direction of the axis given by wy and passing through the point ¢ can be recognized.
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2. Dynamics

2.1.2. The Newton-Euler equation in body coordinates

Consider a frame attached to a rigid body (which will be indicated with the index k) in movement
with respect to a spatial frame (which will be indicated with the index 0). Using the body twist v
and the body wrench i, the equation of motion can be written as

dg . .
o (Al A ) = Ay g, 2.12)

dt
where A is the constant body inertia matrix and Adg is the adjoint matrix which uses an element
of the Lie group (the homogeneous transformation matrix from the inertial to the body frame) as
a linear mapping on the Lie algebra [MLS94]. Computing the time derivative in (2.12), leads to

A —adjh, Ay = (2.13)

where % <Ada ,1) = —adjo; Ady ,1 being adj; the Lie bracket matrix which uses an element of
the Lie algebra (the body twist 1) as a linear mapping on the Lie algebra itself [MLS94]. Finally,
using the property adjy ;v = 0, the term Ayadjy ;v can added to (2.13) without changing the
equation, so that it can be rewritten as

Ao+ T = (2.14)

where Ty = (Ag adj01k—adj§ «Ax). Thanks to this choice, Ty is skew symmetric (I'y = —T})
and being Ay constant, the property Ay = I'y + I‘,{, known also as passivity property in robotics
[SSVOO08, Ott08], is satisfied.

2.2. Dynamic model

Floating base robots that are a tree structure of N articulated bodies are considered. The N equa-
tions of motions in the form of (2.14), one for each of the N bodies, can be written stacking
the twists in & = col (v), the wrenches in & = col (u;) and using the block diagonal matrices
A = blkdiag (A;) and T = blkdiag (T;), where k = 1,...,N. Since the bodies are constrained to
each other, it exists a mapping in the form v = Ji(x)v, where v € R™ are the complete velocity
coordinates while x indicates the complete configuration coordinates of the robot. The latter is
given by the configuration of the base x; and the joint position g € R™ and together with v con-
stitute the state of the robot. Note that in general ; might not have necessarily all entries in R
and

T #uv,

which is the case when, for example, the rotation matrix is used to represent the orientation of the
base. Another consequence of the constraints between the N bodies is the possibility to project
each of the equations in the form of (2.14) in the space orthogonal to the constraint reaction
wrenches. This is possible through J{ (), so that

J7T (z) [Aj(x)@ n (f‘j(m) +A.7(;c)) v} —u—J(z)A5(z), (2.15)

where J = col(J) and each py = px, — Agyx + wy has been split in

e constraint reaction wrench (which disappears after the projection, i.e J, ,{T mi. = 0),
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2.2. Dynamic model

e the weight (which is linear in 4 = col (4x), being ~, the body gravitational acceleration),
e all the other external wrench (which after the projection correspond to u, i.e J, kT wy = u).

The terms ~y; can be expressed as the product of a configuration dependent part and a con-
stant part, i.e. v = Ad,, llc(;c)'yo, where ~ is the constant spatial gravitational acceleration?. The
dynamic model of the robot can be rewritten in a more compact way as

M (x)o+C(z,v)v+g(z)=Q r+ J! (x)w , (2.16)
where

M =Y J/ Ay . (2.17a)

%
C =Y J! [(Acadjo, —adjf, Ax) Tk + Ari] (2.17b)

%
g9=Y J AAdg 0, (2.17¢)

%

k=1,...,N. In (2.16) M € R™* is the symmetric and positive definite inertia matrix, C €
R™*™ ig the Coriolis matrix and g € R™ is the vector of gravity torques. The input to the system
w is given by the wrench acting to the base w; € R (mapped through J T') and the torques provided
by the motors 7 € R" (mapped through Q7). The matrix Q € R™*™ selects the joint velocities
g € R" out of all the velocity coordinates, i.e. ¢ = Qv. In this form, the matrices Ji, Ad,, 11< and
adj , are state dependent and are the only quantities needed to compute (2.17). Algorithm 1 is
one way to obtain such quantities, propagating the matrices from the root to the leaves of the tree
structured robot. It is an iterative procedure equivalent to the outward recursion of the Newton-
Euler algorithm and, like the latter, it is based on the coordinate transformation for the velocities,
which can be formulated as

v = Ad;}( v,+&, (2.18)

where k and p are used to indicate a frame attached to the current link and its parent®, while &
gives the relative velocity between these two bodies. Writing (2.18) in terms of Jacobian matrices,
leads to an equality that, being true Vv, allows to write

Jy = Ad;j}( J,+ . (2.19)

where Z; is a matrix determined by the type of interconnection between the bodies*, such that
&, = Eyv. This concept, as discussed in [RS87], allows the joints to be completely general, with
any number of degrees of freedom up to and including six, which is particularly important to
model floating base robots. For a 1 - DoF joint the expression of Z; is constant and particularly
simple as & reduces to (2.11), where instead of  the correspondent joint velocity g; must be
replaced. As a consequence, the differentiation of (2.19) with respect to time, leads to

Je=Ad, J, —adj, Ad, T, (2.20)

which can be easily included in Algorithm 1.

2The angular part of g is always zero, while assuming for example that the third axis is the vertical one, then the
linear part will be [0 0 g] T, where g is the gravitational acceleration constant.

3If the bodies are numbered according to a so called regular numbering scheme [Fea87], it is guaranteed that during
the iteration the parent’s quantities are computed befere those of its children.

4Notice how in (2.19) only “local” informations are needed, meaning that Ad;,l( and = are given by the connection
between the link and its parent.
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2. Dynamics

Algorithm 1 Iterative computation of the kinematics

Require:

LABELING

q,v,Z fork=1,...,N.

J(), j() «~— 0
—1

Adg)+ E

fori=1toN do
T, =HTM(q)
Ad;‘}( = INVERSEOFADIJOINT(T), &)
adj, , = LIEBRAKETMATRIX (1)
Jp = Ad;‘}{ J,+Ei (and eventually its derivatives)
Ady, = Ad Ady )
adjy, = adj, . +Ad, ; adjy , Ad,x

end for

2.2.1. The reduced model for elastic joint robots

For the derivation of the model, the following assumptions are made [Spo87]:

Assumption 2.1. The rotors of the motors are rotational symmetric rigid bodies and the rotation
axis and the symmetry axis of each joint coincide.

Assumption 2.2. The electric part of the dynamics (i.e. the inner current control loop of the
motors) is sufficiently fast such that it can be neglected.

Assumption 2.3. The rotational part of the kinetic energy of the rotors is determined only by the
relative movement of the rotors with respect to the previous link.

When these assumptions are satisfied, underactuated robots with elastic joints can be modeled
as

M (z)v+C(x,v)v+g(x) = Q' 1(¢) + J| (x)w, (2.21a)
BO+7(¢p) =Ty, (2.21b)

where 6,6 € R" are also part of the state of the system being 6 the motor position as compared
to the link position q. The deflections of the springs which connect the motors to the links are
¢ =0 —q and 7(¢p) = VUi(¢p) € R is the torque® produced by the springs with Ug(¢) the
correspondent potential function. The gravity torque vector can also be expressed using a gravita-
tional potential Uy () as g(x) = V4U,(x). Finally, 7;,, € R" is the input to the system provided
by the motors.
In case the robot contains not only rotational joints, the subset X in which all the prismatic
joints are kept bounded will always be considered. In this case, it is well known that the following
proposition holds [CSB96]

Proposition 2.1. For every matrix norm there exists a B > 0 such that

H 92U, ()

ox?

‘<ﬁ, Ve eX. (2.22)

T
>The symbol V(+) is used to replace (%) , in order to ease the notation.
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2.2. Dynamic model

For the design of the control law, an additional assumption is required:

Assumption 2.4. The potential function Uy(¢p) satisfies the following three conditions

o Ui(¢) is a nonlinear scalar function (A1)
*U

« gl <SP e <l veeq (a2)

° B < 0 (A3)

where, since § must be positive, clearly also o, 0 > 0. Assumption (A3) in particular, as ex-
plained in [Ott08], states that the robot should be designed properly. Namely, the binding forces
should grow faster than the diverging forces between 6 and g, meaning that the joint stiffness
should be sufficiently high to prevent the robot from falling down under the load of its own weight.

2.2.2. Properties of the dynamic model

As mentioned at the beginning of the chapter, the properties of the dynamic models can simplify
the design of control algorithms. In this section, the properties that will be used in the remainder
of the thesis are presented.

Passivity

Since in section 2.1.2 it was possible to add a term to (2.13) without changing the equation, it is
clear that the choice of the matrix C' (whose derivation follows from that) is not unique. The term
C'v represents the centrifugal and Corioilis effects, which are quadratic velocity terms that can be
factorized in infinitely many ways. Between this multitude of choices, the one used satisfies once
again the passivity property. In fact, since each J/ (Ayadjy, —adjg; Ax) Ji is a skew symmetric
matrix, then

C+CT:ZJ;<TAka+JkTAka=M,
%

k=1,...,N, which is equivalent to say that M — 2C is skew-symmetric. As a consequence, given
any a € R then a” (M — 20) a = 0. The special case a = v is satisfied by any choice of C
since it is a result of the principle of conservation of energy [SSVOO08]. The passivity property is
a stronger property than v’ (M — 20) v = 0, since the matrices themselves depend on v. Even
requiring to satisfy the passivity property there still exist infinite many C. Another way to obtain

such a matrix is to use, for example, the Christoffel symbols of the first type, or the factorization
used in [Nie90].
Generalized momentum and conservation laws

As it was firstly shown in [KKK™'03], it is always possible to express the generalized momentum
h € R, i.e. the linear and the angular momentum stacked together, as

h=A(x)v, (2.23)

where A(x) is called the centroidal momentum matrix in [OGL13] if the generalized momentum
is expressed in a frame attached to the center of mass (CoM) and with the axis aligned with the
inertial frame. In the following, the momentum will be always expressed in this frame.
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2. Dynamics

Since the linear momentum p € R3 is directly related to the velocity of the center of mass (CoM)
Tcom, 1.6. P = macyy Where m is the total mass of the robot, it is clear that a relationship must
exist between the centroidal momentum matrix A(zx) and the Jacobian matrix Je,u () mapping
the velocity coordinates into the velocity of the CoM of the robot, i.e. &cop = Jeom (x)v. To this

end, the centroidal momentum matrix is partitioned as A(x) = [A] (x) A (z)] " so that

p=A,(x)v (2.24)
l=A/(z)v, (2.25)

where I € R3 is the angular momentum. Equating the two expressions of p it follows that
Ay(xz) =mdcoy(x) , (2.26)

since the equality must be satisfied for every possible choice of v. In view of (2.26) and knowing
that g(z) is obtained from the mapping of the force f, = mge, through JZ ,,(z), the gravity
torques can be written as g(x) = gA;(m)eg, where g is the gravitational constant and e, a unit
vector pointing upwards.

For a system described by the dynamic model (2.16), it is well known that the following property
holds

Proposition 2.2 (Newton—Euler equations). Let pcop be the total wrench acting at the CoM
obtained from the combination of all the external wrenches, then

h = pcom - (2.27)

From the previous property and the expression of the generalized momentum given in (7.2), the
following corollaries can be derived

Proposition 2.3 (Conservation of generalized momentum). Assume that the robot is free floating
(g(x) = 0) and no external wrenches are acting on it, then

A(x)v+ A(z,v)v=0. (2.28)

Proposition 2.4 (Conservation of angular momentum). Assume that the resulting total wrench at
the CoM is a pure force, then

A(z)v+ Aj(xz,v)v=0. (2.29)

Block diagonal structure

A consequences of these basic mechanical principles is that there exists a coordinate transforma-
tion that can inertially decouple the equations of motion of a floating base robot, i.e. it transforms
the inertia matrix into a block diagonal matrix. The transformation is based on orthogonality rela-
tionships between matrices. This result includes and extends those in [HHCO07, ORH11], allowing
to separate the linear and angular centroidal dynamics from the joint dynamics. To easily derive
the results, special cases are considered, although the results are valid in general.

Consider a free floating rigidly actuated robot with no external wrenches acting on it, so that the
only input are the torques provided by the motors. Replacing ¥ from (2.16) into (2.28) and setting
g(x) and w to zero leads to

Alz)M 1 (z)Q"r — (A(x)M ' (z)C(z,v) — A(z,v))v=0. (2.30)
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2.2. Dynamic model

Equation (2.30) holds for every possible choice of v and T, therefore it is clear that the following
conditions must be satisfied

Alx)M'(x)Q" =0 (2.31)
(A(x)M '(z)C(z,v) — A(z,v))v=0. (2.32)

Consider the velocity coordinate transformation, inspired by the one used in [OKNO8],

£= m = Ag(z)v Ap(z) = {A(x)] ’ (2.33)

with the inverse transformation given by®
v=A,'(x)¢ Ayl (z)=[AT(z) Q™(w)] . (2.34)

Pre-multiplying (2.16) by AéT(m), using

o= A, (z) (5‘ — Ag(z) A, (ac)E) (2.35)

and the orthogonality relationship expressed in (2.31) leads to the equations of motion in the new
coordinates

Ah(.’B) 0 : I‘hh(w/v) I‘hq(.’B,’U) _ |0
{ 0 Aq<w>]“[—rzq<x,v> rq[,@,f.,)}&—[f]’ (230
A(x) T(z,A, (2)€)
where
An(@) = (A(z)M (@) AT (z)) " (2.37)
Aya) = (QM ' (z)Q") " (2.38)
T -1 T r,v)— i r,v
C(e.o)e = AGe) | AON IATEO AE 0 | ]+ 2

Equation (2.39) shows that, although the generalized momentum will influence the joint dynamics
through I'(x,v) since in general —I‘Zq(m,v)h # 0, the inverse is not true. As a matter of fact,
from (2.32) and (2.39) follows that

Lpp(x,v)h+Thy(x,v)g =0, (2.40)

which can be seen as a natural consequence of the conservation of the generalized momentum.

The structure can be further explored to show additional inertial separation. The condition
expressed in (2.31) can be interpreted in such a way that the torques produced by the motors are
internal forces for the free floating robot and therefore they produce no change in the generalized
momentum. Similarly, assume that the resulting total wrench at the CoM is a pure force fcour,
which maps via JgoM(m). Replacing v from (2.16) into (2.29) and setting g(x) and T to zero
leads to

%Al(m)M—1 (m)AIT,(m)fcoM — (A(z)M (z)C(z,v) — A)(z,v))v=0, (2.41)

Given a matrix T, T denotes the dynamically consistent weighted pseudo inverse defined as T (x) :=
M~V (a&)TT (TM~ (z)T7) ",
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2. Dynamics

where, additionally, (2.26) has been used. This condition, holding for every possible choice of v
and fcoum, leads to

Aj(x)M ' ()A](z)=0. (2.42)
In view of this orthogonality relationship, Ay (x) is itself block diagonal. In particular,

Ah@):([i',’((i))] M™\(z)[A](x) Af (w)])_lz {A”éx) Al(()a:)]’ (2.43)

with

Ap(@) = (Ap(@)M ' (z) AL (z)) (2.44)

_ ~1

Ay(z) = (Af(x)M ' (z)A] (z)) . (2.45)

This has an impact also on the pseudo-inverse of the centroidal momentum matrix A*# (x) and
consequently on the gravity term. The first can be expressed as

Ay(x) 0

AtV () =M () (AT (x) A ()] [ 0 Ay(x)

]:[A;M(m) Af(z)],  (2.46)

where (2.43) - (2.45) have been taken into account, from which immediately follows

AIJ;MT(:C) g€
AéT(w)g(;c) = | A () gA,f(a:)eg =10 |. (2.47)
QT (x) 0

Combining all the previous results, (2.16) can be written in the new coordinates as

Ap 0 0] [Ly Iy Ty g€ 0
0 Ay O |E+|-T), Ty Tyuié+|0|=|0+AT w, (2.48)
0 0 A, ~T,, —T], Ty 0 T

which is still eligible of one last refinement. Assume, in fact, that no contact wrenches are acting
on the system (w; = 0). Taking into account (2.40), the first three lines of the model are

Ay(x)p=—ge,. (2.49)

On the other hand, from (2.27) it follows that p = —m g e, must hold. Comparing the two expres-
sions of p, it can be concluded that

I
A,=—E;, (2.50)
m

where F; is the 3 x 3 identity matrix. Note that, because of the passivity property, it also follows
that ", (, v) is skew-symmetric.

It is important to notice that the physical units of the first six equations and the remaining ones
are not the same. This is not surprising, since a mix of velocities and generalized momentum is
used as part of the new state.

2.3. Further computations

The content of this section is intended for the reader who needs to differentiate the matrices of the
dynamic model.
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2.3. Further computations

2.3.1. Parameters differentiation

In order to compute the derivative of (2.17) with respect to the dynamic parameters, the linearity
of the matrices in the parameters themselves is considered.

Proposition 2.5. If vy and wy, are the linear and angular part of the twist vy respectively, then the
generalized momentum Ay vy can be written as

Akl/k - A/(Vk)ﬂ'k ; (251)
where
T
Iy}'k IZZk Ix}'k Ika I}'Zk] ) (2-52)

T
’n'k:[mk mgr; Ixxk

and Ty is the position of the center of mass of the k —th body with respect to its own frame (see
Fig. 2.1). Moreover, the rows of A’ (1) € R10 for the linear momentum are

Al =[vr @ Ozne) eRPY (2.53)
and the ones for the angular momentum are
A; = [0 —’ﬁk (f)k] S R3X10 s (2-54)

where O3y € R3¢ is a matrix of zeros and

aa 0 0 a a;, O
d=10 a 0 a 0 a. (2.55)
0 0 a, 0 a a

Proposition 2.6 (Parameters differentiation). Given the expression of the dynamic matrices in
(2.17) and the factorization presented in Proposition 2.5, then the derivatives of (2.17) with respect
to the dynamic parameters are

IaM .
=Jl A'(J)Hh 2.56
aﬂ'kh k ( k) 9 ( a)
2C/ ) P ) ;
=g <A'(adjojk T} 4+ JI) = adil, A’(J,{)h> , (2.56b)
TFkh
P)
a—g =Jl A'(Ady ) v0)" (2.56¢)
TFkh ’

where the superscripts j and h indicate the j—th and h—th column of the corresponding matrix.

Proof. Only the computations for the inertia matrix will be considered, since the same can be
repeated for the other matrices. From (2.17) one can write

MI=Y J AT (2.57)
k

From the factorization in Proposition 2.5 it follows that AkJ,Z =A (J,{ )mi. Differentiating the
expression with respect to 7ry, , the proposition is proven. U
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2. Dynamics

From (2.17) and Proposition 2.5 is also possible to easily compute the Slotine-Li regressor
matrix Y (x,v,v,,v,). Using m = col (), the identity Mv, + Cv,+g =Y (x,v,v,,0,) 7
holds, where

Y=Y J (A (ou)—adjj A (Jedr)) 7 , (2.58)
k

o= Jk'i)r+adj07k Jyv,+ Jyvo, +~rand k=1,...,N. Rewriting (2.58) in terms of stacking matrices
leads to the expression of the regressor matrix

Y = J" blkdiag (A’ (o) —adj, A'(Jev,)) (2.59)

k=1,...,N. Given the Slotine-Li regressor matrix, the classic regressor matrix can be obtained
replacing v, = v and v, = v.

2.3.2. State differentiation

Although quite involved, the key point for the computation of the derivatives with respect to the
state is to find a convenient factorization for adj ;; similarly to what was done in Sec. 2.3.1 for the
momentum’. From (2.17), it follows that the derivatives of M, C and g can be computed if the
derivative of Jy, Ji, Ada ,1 and adj ; are available.

Proposition 2.7. Given the identity Jyqg =Y, J ,ﬁ’qh, it follows that

I Ady, dj . Ad; ! 2.60

EPR =—adjAdyy (2.60)
dadjy

X —adj 2.61

aqh a JJ;’ ) ( )

where adj J is the matrix computed using J ,f € RS, instead of v € R, while

dadj
——= =adjsg, ., 2.62
aq J%q ( )
where in adj .,  this time vy € R® has been replaced by ‘3—;’/"(1 e RS,

aqy, q
Proof. Firstly, it can be verified that the following identities hold
dAd,;}
dq
adjo . = Zadekhqh = Zade,ﬁ a - (2.64)
h h

. -1 . _
4 = Adgy = —adjo, Adg; (2.63)

Substituting (2.64) in (2.63), one obtains an equality that, being true Vg € R", leads to (2.60). On
the other hand the differentiation of (2.64) with respect to g, results in (2.61), while the one with
respect to gy, results in (2.62). ]

"The results of this section must be intended only for the cases when the differentiation with the respect to the state is
actually meaningful. This is always the case when a classical manipulator with 1 - DoF joints is considered.
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2.4. Summary

Proposition 2.8 (State differentiation). Given the expression of the dynamic matrices in (2.17)
and the factorization presented in Proposition 2.7, then the derivatives of (2.17) with respect to
the state are

(29]:;[ Z aJk it J Akgjz (2.65a)
32 Xk"a&— \IIka—l-Aka)—i-Jk Akg; +J7 [(Akadj%q_adjgjh )Jk+‘1’kggk]
(2.65b)
3;1 “Li [(Ak adi gy —adlf, A Jk+Ak3‘;ﬂ , (2.650)
5;1 :; (3;1]: Ay — Jk Ay ad]Jh> Ad0k70 , (2.65d)

where k = 1,....N. In the previous relationships, C' is the only matrix which depends on both q
and q. Notice that for the only term differentiated with respect to q, the following holds

ade 3 (I \ ok
= (Ga) =5 (260

2.3.3. Time differentiation

Obviously the derivatives of (2.17) with respect to time could be computed using the chain rule and
(2.65). Nevertheless, if the derivatives with respect to the state are not required for the considered
application, it is more efficient to directly differentiate (2.17) with respect to time. This is quite
clear considering that the derivative of a matrix with respect to a vector is an order three tensor,
while the derivative with respect to a scalar is also a matrix.

Proposition 2.9 (Time differentiation). Given the expression of the dynamic matrices in (2.17),
then the derivatives of (2.17) with respect to time are

M :ijTAka—FJkTAkjk , (2.67a)
k

C =Y JT (Wi + AJi) + T A+ ] [(Akadj%—adj& kAk> Jk+\Ilka] . (2.67b)
k

g =Y (J A= I Aradip ) Adg o , (2.67¢)
k

where k=1,...,N.

From a computational point of view, roughly speaking, each additional differentiation of the
dynamic matrices with respect to time, requires the propagation of an additional derivative of Jj
according to the Algorithm 1 and the knowledge of an additional time derivative of v.

2.4. Summary
In this chapter, the dynamic equations of a system of interconnected rigid bodies have been con-

sidered. The formulation of the Newton-Euler equation in terms of twists and wrenches was the
starting point to obtain a closed form expressions for the dynamic matrices. An algorithm using
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2. Dynamics

a “Newton-Euler like” outward recursion (whose computation is very efficient being the first step
of the Newton-Euler algorithm) was presented in order to compute the quantities of interest. Ad-
ditionally, the reduced model for elastically actuated robot was discussed, together with all the
assumptions leading to it. Finally, some properties of the dynamic model were introduced. It
has been shown that a coordinate transformation can produces a decoupled structure of the equa-
tions of motion of a floating base robot. The transformation is derived based on first principles of
mechanics and therefore has a clear physical interpretation.
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CHAPTER 3

The Spring Loaded Inverted Pendulum

The spring loaded inverted pendulum (SLIP) is a template model which, despite its simplicity,
has been proven to produce accurate CoM patterns and contact force profiles for different kind
of locomotions [SGGB02, GSBO06]. In section 3.1.1 the biped variant of this model is presented,
which is also the one that will be considered throughout the chapter. As mentioned in chapter 1 the
underlying assumptions will be to have no underactuation at all in the system. As no flight phases
are allowed by the simplifying hypothesis, walking patterns will be considered, which motivates
the choice of considering the biped variant of the model.

The contribution of this chapter is to provide methods for mapping the simple SLIP model on
a multi-body robot, in order to obtain a walking pattern and insights on the use of elasticity in
locomotion. The goal is not to assume to have a robot designed to match the behavior of the SLIP
model [AS10, KKH10], nor to track the behavior of a passive walker [AB06], but to fully actuate
the robot in order to reproduce, via the controller, the behavior of a passive walker to obtain a
periodic gait, as sketched in Fig. 3.1. In this way, the benefits of an open loop stable limit cycle
are utilized for a robot not tailored to a specific set of periodic walking patterns, but capable of a
variety of motions. Additionally, predefined trajectory for the CoM and foot steps are replaced by
a target self stabilizing dynamics, i.e. the SLIP behavior.

Figure 3.1.: The input torques can reshape the dynamics of the robot in order to make it as close
as possible to the SLIP model.

39



3. The Spring Loaded Inverted Pendulum
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SLIP %o
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Figure 3.2.: The controller is the interface between the virtual SLIP model and the real robot.

Vertical Leg Orientation Double Support Single Support x

Figure 3.3.: SLIP model in the vertical leg orientation (VLO) condition, double support phase and
single support phase.

On the other hand, due to its simplicity, the SLIP model is way far from a complete dynamic
description of the entire body motion. The effects of the swing leg are completely neglected in
this simple model, while they turn out to have a big influence on the torques of the robot. The foot
trajectory of the swing leg is considered in section 3.2, the double support phase in section 3.1.2.

3.1. Modeling

Loosely speaking, the controller proposed in the next section plays the role of an interface between
the dynamics of the SLIP model and the one of the robot, making it possible to map the behavior
of the first onto the latter, as shown in Fig. 3.2. Before describing the two levels of which the
controller consists, it is therefore interesting to consider the dynamic model of the single not
interconnected levels.

3.1.1. Dynamic model of the SLIP

As it is shown in Fig. 3.3, the SLIP model is simply given by two massless linear springs connected
to each other at the hip, where all the mass m is concentrated. Due to this assumption the swing
leg can instantaneously change its configuration when it takes off from the ground, to reach the
desired angle of attack o for the next step.
Using fi(x¢) and fr(xg) to denote the spring forces acting at the CoM x due to the left and
right leg respectively, the dynamic equation of the system can be written as:
1
&g = %(fL(wG)‘i‘fR(wG)) +90. (3.1)
where gy is the gravitational acceleration of the Earth. Introducing xf, with i = {Left,Right} for
the foot contact point, then:

TG — LF,

|z —xx|’

filwa) = k(lo— llwg — x| ) i={L.R}. (32)
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3.1. Modeling

where, k is the stiffness constant and [y the rest length of the springs. In the following, the foot
contact point will be simply referred to as xr, but obviously £r = xf, or xr = xF, depending on
the stance phase.

Depending on the values of the parameters in the dynamic model, it is possible to obtain self
stabilizing periodic walking patterns which, as it was already mentioned, exhibit CoM trajectories
and ground reaction forces remarkably similar to human data. Extensive works can be found
in the literature which provide methods to choose such parameters in order to modify walking
speed and step length, or to increase the basin of attraction of the asymptotically stable limit
cycle [EGB09,RBS10,KW11,MSC12].

The classic approach to study the stability of the SLIP model is to consider a Poincaré sec-
tion [Kha(02] and check for the eigenvalues of the monodromy matrix. A particularly convenient
section is the one corresponding to the condition of vertical leg orientation (VLO) [RBS10], see
Fig. 3.3. In this case, the conservative nature of the SLIP model allows to reduce by one the di-
mension of the state space. It is sufficient to use the CoM height y,,, its position along the forward
direction and the angle of the CoM velocity respect to the floor 6, as coordinates, since the mag-
nitude of the velocity can be derived from the value of the constant total energy of the system (the
massless legs will not dissipate any energy at the impacts). Additionally, as the position along
the forward direction has no influence on the periodic behavior of the system, it will be neglected
in the analysis of the limit cycle. Therefore, the Poincaré section has dimension two instead of
dimension four of the original system.

3.1.2. Dynamic model of the multi-body robot

The dynamic model of the five revolute joints planar robot considered here can be obtained as in
chapter 2. The following simplifications will be considered:

Assumption 3.1. The stance foot is rigidly connected to the floor, until it is commanded to leave
the ground.

Assumption 3.2. The feet are massless.
Assumption 3.3. The impact of the foot with the floor is inelastic.

Due to the first assumption, the model of the robot is the one of a classic robotic manipulator
with a branched structure. It can be derived either from the free floating model (2.16) upon intro-
duction of the stance foot constraint, or using directly a minimal set of coordinates, i.e. the joint
angles represented in Fig. 3.4. The first method is completely analogous to what will be done in
section 3.2 in order to derived the model for the double support phase. For convenience, the model
is repeated here:

M(q)i+C(q,q4)4+g(q) =T, (3.3)

where in this case q,g(q), ™ € R’ and M(q),C(q,q) € R>5.

Due to the possibility of having either a single or double support phase, the model is complete
when also the transitions between these two are considered. These transitions are caused by the
two events touch down and take off of the legs, as shown in Fig. 3.5. Moreover, because of the
impact, an energy loss will occur at the touch down instants. This can be modeled considering
that, at these instants, also an impulsive force is acting on the system and that it will produce an
instantaneous change of the velocity (but not of the position) [MWO06]. This means that the system
will exhibit a variation of the generalized momentum in the joint space that can be expressed as:

A(M(q)g) = M(q)Ag=J! (@)X, (3.4)
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3. The Spring Loaded Inverted Pendulum

q3

Figure 3.4.: Multi-body robot and joint angles.

where J.(q) € R?* is the Jacobian matrix that maps the joint velocities into the velocity along
the constrained directions, while A € R? is the reaction along the same directions. If the impact is
modeled as an inelastic impact, then the following relation must be considered:

J.(q)g" =0 = J(@Q)AGg =—J.(q)q (3.5)

where the superscripts ~ and * are used to express the quantities before and after the impact,
respectively. Solving the system of equations (3.4) and (3.5) leads to:

A= —<JCM‘1JCT )71ch— (3.6)

g = (Es —Jm Jc) q . (3.7)

where Es € R%"S is the identity matrix and J = M~ JT (JCM*JCT ) ' In (3.7), it s possi-
ble to recognize a nullspace projection matrix [SSVOO08], which projects the joint velocities before
the impact into the null space of the Jacobian matrix .J.. Therefore, an impact modeled in this way
can be interpreted saying that only the component of g that is causing zero velocity at the contact
point is kept after the impact. The energy loss is given by:

2AH = ¢ Mgt —q Mg~
T
:q‘T[(E—JJMJc> M<E—JC+MJC> —M]rf (3.8)
-1
T <JCM“JCT ) Jed

where J.(q)q~ is the velocity of the impact point right before the impact, in other words the
pseudo kinetic energy related to the impact point is the energy that will be lost in the impact.

The touch down event initiates the double support phase. Assuming to have no sliding between
the feet and the rigid floor, an additional constraint must be added to the model in this phase (just
like has been previously done for modeling the impact):

J.(q)g =0, (3.9)

which can also be expressed as:

Ju, (qr)gr = T (ar)Gr » (3.10)
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3.2. Swing leg treatment

Touch down

Take off

Figure 3.5.: Automaton describing the evolution of the discrete part of the system.

where Jy,(q;), i = {L,R} gives the velocity of the hip with respect to the correspondent foot and
qi, i = {L,R} are the joint variables of the correspondent leg. Assuming that at least one of the
two Jacobian matrices is nonsingular', then:

6= T5' (a) T, (a)) dy. (3.11)

and is possible to write ¢ = ¥(q)q,, being:

di Iy Ju; 0 -
d=|d ¥(@=| E 0 qa:M, (3.12)
qs 0 1 %

where ¢s is the joint angle of the trunk not affected by the change between single and double
support. A relationship for the joint acceleration can be obtained differentiating (3.12) with respect
to time. Substituting ¢ and ¢ in (3.3), and pre-multiply by 7 (q), the model of the robot during
the double support phase is obtained:

M,(q)Ga+Cu(9,4)da+ 9a(q) = Ta (3.13)

where M, = T MW®, C, — ¥ (qu + qu), go=WTgand 7, = T,

The flow maps, which describe the continuous dynamics of the system with a set of ordinary
differential equations together with the set of discrete states and their transition constitute the
complete model description of this switching system [Lib03].

3.2. Swing leg treatment

The presence of the swing leg is the element that clearly mostly differs between the SLIP model
and the considered planar robot. While the SLIP model defines the CoM trajectory and the target
angle of attack for the next step, it is still necessary to define a trajectory for the swing leg, since
this information is completely missing in the SLIP model. In order to be as close as possible
to the virtual system that the robot is trying to reproduce, a good choice could be to just plan
the relative position of the swing foot with respect to the CoM, ensuring that the foot will have
reached the desired relative position (defined by the desired angle of attack) before the touch down
event. Furthermore, the angle () related to the line from the stance foot to the CoM, shown
in Fig. 3.4, is used as a parameter for the trajectory. This is a standard choice for biped robots

'If both are singular the system is in a complete rest.
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3. The Spring Loaded Inverted Pendulum

Figure 3.6.: Consecutive steps of the robot. The red and blue lines are respectively the CoM and
swing foot trajectory.

based on hybrid zero dynamics as it guarantees a coordination between the forward movement of
the robot and the position of the swing leg [WGC™07]. Then the desired foot position is given by

xp, =z +I(B(zs)) . (3.14)

where IT(f(x¢)) is the interpolating function describing the shape of the foot trajectory relative to
the CoM. Since it is also necessary to ensure the continuity of the desired trajectory, a cubic spline
with desired initial and final values and two “virtual instants” is used [SSVOO08]. The desired foot
position cannot be used as a desired value for a conventional trajectory tracking controller since
it depends on the current state. Instead, we formulate a virtual constraint [WGC™07] by defining
the error term

E=xr—xc—II(B(xs)), (3.15)

which should be kept equal to £; = 0 by the controller. The angle 3, instead of the time, is used
to parameterize the offset of the swing foot with respect to the CoM. As a result the swing foot
position is dependent on the CoM and no information about the time necessary to complete one
step is needed. Notice that, except for the swing leg, the planning in the control design process
has been replaced requiring a desired dynamic behavior rather than desired trajectories. Knowing
the actual position and velocity of the CoM of the robot, the expected acceleration is the one that
a SLIP model would have had in that state.

Figure 3.6 shows overlapped configurations of the robot during the path. The red line represent
the CoM trajectory, while the blue line the swing foot trajectory.

3.3. Control

The control action is acting both on the virtual SLIP model and the actual robot. In the following,
they will be referred to as upper level control and lower level control respectively. The upper level
control modifies the dynamics of the original SLIP model. The result of this action is to provide a
target dynamics for the lower level control. The latter represents the real control action, as it will
determine the torques that the motors need to provide in order to actuate the robot.

3.3.1. Upper Level: Total energy control

While the SLIP template is a conservative system, the multi-body robot will have energy losses
at the impacts, as computed in (3.8). The upper level control is responsible to cope with this
difference. The energy control law acts based on the state of the SLIP model and is not only
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3.3. Control

injecting energy in the system when the total level decreases, but it also dissipates energy when
the level increases. This is different from what was done in [HRHS10], where an energy correction
law is not continuously acting (based on the error between the desired level and the measured one),
but intervening before the impact based on a precomputed value of the energy loss.

The starting point is to consider the expression of the power:

H=al, (m:EG— fL—fR—mgO) . (3.16)

Since the power is the derivative of the energy and the desired value of the energy is constant, the
problem of regulating the energy to the desired value can be solved via an energy controller that
ensures:

H=—Ky <H—Hd) , (3.17)

where Ky is a positive gain and H, is the desired constant total energy. This is possible if the
resulting acceleration on the CoM is the one of a pure SLIP model plus an additional term with
the following expression:

1 4
Ag = —— ?”GZKH(H—Hd). (3.18)
m |z
Because of this additional term, the SLIP model can be imagined as walking under the effect of a
virtual state dependent gravity field. The term Ag is always in the direction of the CoM velocity,
increasing or decreasing the kinetic energy in order to keep the total energy to the desired value.
Equation (3.1) thus is modified to
” 1
s = —(ful@c) + fal@a)) +9. (3.19)

with g, = go + Ag.

3.3.2. Lower level: Multi-Body Control

In the following two different approaches will be presented in order to make the robot behave
as close as possible to the simple virtual model (3.19). The first approach is based on an exact
feedback linearization of the robot dynamics and can be seen as an extension of the control law
presented in [HRHS10] from an hopper to a bipedal SLIP for walking. The second approach,
presented in section 3.3.2, aims at a simpler control law which requires less information about the
system.

Feedback linearization

The SLIP model can be mapped on the real robot dynamics at an acceleration level. The idea is
to ensure that the acceleration of the CoM of the real robot is the same as in the SLIP model. The
control law can be derived following the same steps needed to derive the classic impedance control
law with feedback linearization.

Three main tasks can be identified:

e CoM acceleration &g
e virtual constraint for the swing foot trajectory &

e trunk orientation 8y = ¢q| + g2 + gs.
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3. The Spring Loaded Inverted Pendulum

The corresponding velocities can be computed from

@ = Ji(q)q (3.20)

. . T
where &; = [;c(T; gr OTT]T is the velocity in the task space and J;(q) = [Jg Jg JGT] the
corresponding Jacobian matrix. Considering the time derivative of (3.20) and substituting ¢ from
(3.3), one gets:

i,:JtM_1<T—Cq—g)+j,q. 3.21)
At this point with the following choice of the torques’:
T=MJ (#,-Jd)+Ca+g, (3.22)

it is guaranteed that &, = &,,. Finally, choosing

L <fL(SCG) + fR(m'G)) +g,
= -K:t- Dgé . , (3.23)

6r, — KrOr — D1 0r

where K7,Dr > 0, K & Dg € R?*? are positive definite matrices and Or = 6r — Or,, ensures that
X corresponds exactly to (3.19) and that £ — 0, 67 — 67, ast — oo,

Multi-priority control law

Since three different types of tasks are considered, one can separate them and use simpler control
laws to fulfill a single task. The required torques can be added using a null space projector. A
higher priority will be assigned to the CoM task, since the main goal is to reproduce a SLIP like
motion. A further simplification for this task is to just produce the forces of virtual springs attached
to the CoM. Once it has been understood from the SLIP model that the presence of compliant
elements is useful, it is convenient to design simpler control laws than the feedback linearization
while the self-stabilizing behavior will be augmented by the upper level SLIP stabilization. In
other words, the goal for this task is to map the virtual spring forces in joint torques accordingly
to the transpose of the Jacobian matrix that relates the joint velocity to the CoM velocity (without
compensation of the nonlinear terms):

= JCT; <fL(.’BG) + fr(xc) +mAg) , (3.24)

where obviously also the extra component of the virtual gravity field must be taken into account.
Assuming, without loss of generality, that 67, = 0, for the other tasks simple PD control laws
with gravity compensation can be used:

~K:£—Del+g
= |JI Jr ¢ &s 3
TPD [ ¢ 6] [—KTQT—DTOT —|—gg:| ’ (3.25)

where g¢ and gg are the projections of the gravity torques in the corresponding space.
This control law is known to be asymptotically stable and less sensitive to model uncertainties
than feedback linearization [PP88]. At this point adding the resulting torques will cause the two

%In the following it will be assumed to be far enough from the singular configurations. Further on in the section,
additional torques will be introduced in order to cope with this problem.
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3.4. Simulations and stability analysis

tasks to interfere with each other. To avoid this, the torques computed for the second task will be
projected in the null space of the transpose of the Jacobian matrix of the higher priority task. This
means that the torques produced to fulfill the second task will produce no force on the CoM which
will mainly move under the effect of the gravity field and the virtual springs. Obviously this also
means that the second priority task will be fulfilled as long as it is not interfering with the other
one.

Before concluding this section it is worth to mention that also torques that push the robot away
from the singularity should always be considered. The classic approach is to consider the kine-
matic manipulability measure [Yos90]:

Main, (q) = 1 /det(Ty, JF,) i={L,R} (3.26)

and then choosing a singularity avoidance potential. In addition it is possible to consider a damp-
ing term also for this task. The idea is that, considering a quadratic form for the singularity
avoidance potential, the corresponding torque will be similar to a spring like term where the trans-
pose of Jyin(q) = a'"(’;;;(q') is responsible for projecting the force from one space to the other. The
singularity avoidance torques are:

, (3.27)

T ~ .
—Jin, (KSAmkin,- +DSAka,~Q) Miin; < Mo
TSA; =
Miin; > Mo

where 7y, = My, —mo and my is a threshold which indicates that the robot is close enough to
the singular configuration to activate the corresponding torques.
The final expression of the torques is then:

T:TSAL+TSAR+TG+(E—JngMT>TpD. (3.28)

Double support and redistribution of torques

As seen in 3.1.2 the expression of the dynamic model during the double support is formally equal
to the one obtained for the single support. This means that the control laws computed before can
be directly applied also in this case provided to consider the matrices of the new dynamic model
instead of the old ones and to remove the swing foot coordinates from the task space. In this way,
it is possible to compute the torques 7, in (3.13) and not all the torques 7. To obtain the latter the
relation 7, = W7 T between the torques is taken into account, from which:

T4 (BTl ),
T — W‘lllf(\IlTW‘l\Ilyl :

where W is a positive definite matrix, which induces a weighted norm for the torques. It is useful
to penalize a big value of some torques (e.g. ankle torque) more than the others. In addition, the
associated null space projector is used to keep the torques as close as possible to some desired
value.

3.4. Simulations and stability analysis

In the following simulation study, the cyclic behavior of the SLIP model is compared with the
one of the multi-body robot using the two proposed controllers. The parameters of the SLIP are
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3. The Spring Loaded Inverted Pendulum

Table 3.1.: SLIP model parameters.

mass m = 80kg
angle of attack o =12rad
rest length lp=1m
stiffness k=15696N/m
total energy H =824]

Table 3.2.: Multy-body robot parameters.

shank thigh trunk
mass Skg Skg 60kg
inertia | 0.01kg m”> | 0.01kg m? | 1kg m?
length 0.48m 0.48 m 0.48 m

adopted from the simulation results in [RBS10] and are shown in Table 3.1. The parameters of
the multi-body dynamics are shown in Table 3.2. The CoM of each segment was set to the center
of the segment. Moreover a closed loop inverse kinematic (CLIK) algorithm [SSVOO0S] is used
in order to ensure that both system will start with the same initial conditions and in the same
configuration (VLO configuration).

The simulation environment is implemented in MATLAB/Simulink ® using a sampling time of
0.1ms. Figure 3.7 shows the vertical motion of the CoM for the SLIP model and the controlled
multi-body system with the controllers from section 3.3.2. Even the feedback linearization based
controller deviates from the trajectories of the SLIP model due to the energy loss at each impact.
One can see that the deviation of the simpler control law is larger, but it still results in a quasi-
periodic walking motion.

The vertical ground reaction force for the SLIP model and the forces due to the virtual springs
for the two controllers are shown in Fig. 3.8 - 3.10, with higher variations in the force for the
multi-body model.

The effect of the energy control approach (3.18) is presented in Fig. 3.11 with the feedback
linearization based controller and different values of the controller gain Ky. One can see that
without the energy controller (i.e. for Ky = 0) the multi-body system instantaneously loses energy

SLIP

= = Feedback Linearization

— — — Multi-priority control

1 2 3 4 5
time [s]

0.88
0

Figure 3.7.: Vertical motion of the CoM for the two multi-body controllers compared with the
SLIP dynamics.
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(M) 44O

time [s]

Figure 3.8.: Vertical ground reaction force of the SLIP model.
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Figure 3.9.: Virtual springs forces of the multi-body system with the feedback linearization based

controller.
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Figure 3.10.: Virtual springs forces of the multi-body system with the simplified control law.
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Figure 3.11.: Energy control in the multi-body model using the feedback linearization based con-
troller.
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Figure 3.12.: Energy control in the multi-body model using the simplified controller.

at each step due to the impact. The red dash-dotted line and the green dashed line show the
total energy for two different controller gains. This evaluation verifies that the proposed energy
control method efficiently compensates for the energy loss and the energy is recovered according
to the time constant in (3.17). Figure 3.12 shows the results with the simpler control law from
section 3.3.2. Even if there is a larger variation in the total energy due to the uncompensated
nonlinear terms in the closed loop dynamics, also for this controller the energy loss at the impact
is compensated.

As the goal is to reproduce the SLIP behavior, also the stability analysis will be conducted
as it is usually done for the latter. In other words, the Poincaré map corresponding to the VLO
configuration will be considered for both systems. To be precise, it should be mentioned that a
more formally correct way to analyze the system is to consider a three-dimensional Poincaré map.
For the multi-body robot, in fact, the total energy is not exactly constant, but only controlled to
be constant. Therefore, it should be considered as the third coordinate on the Poincaré section.
Nevertheless, if the total energy control is fast enough to ensure that the total energy does not
deviate far from its desired value the approximation of considering a constant energy level is
reasonable. The behavior of the two controllers on the Poincaré section is shown in Fig. 3.13 and
Fig. 3.14. One can see that both controllers converge to a fixed point, which however is different
from the original fixed point of the SLIP model, represented with a red circle in the figures.
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Figure 3.13.: Poincaré section of the multi-body model with the feedback linearization based con-
troller. The red circle is the fixed point for the original SLIP model.
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Figure 3.14.: Poincaré section of the multi-body model with the simplified controller. The red
circle is the fixed point for the original SLIP model.
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3. The Spring Loaded Inverted Pendulum

3.5. Summary

In this chapter, the bipedal SLIP model was utilized as a template for the control of a multi-
body robot. The controller acts on two levels. In order to compensate for the energy loss that is
inherent to the impacts at the foot touch down, an energy control algorithm for the SLIP model was
proposed. In contrast to previous solutions in the literature, this controller is based on a continuous
regulation of the energy and does not need any prediction of the energy loss. The controlled SLIP
dynamics is then used as a desired dynamics for a lower level controller designed for the multi-
body robot. Two solutions of different complexity were proposed and compared. A multi-body
robot controller based on feedback linearization results in a very close emulation of the SLIP
behavior. Moreover, a simpler control approach was discussed, which avoids the computational
burden and parameter sensitivity problems of the feedback linearization based controller. The
proposed controllers were shown in simulations to produce an asymptotically stable limit cycle
behavior similar to the SLIP dynamics. Due to the energy loss at the foot touch down and the
nonlinearities in the dynamics, the fixed point on the Poincaré section, however, differs from the
original fixed point of the SLIP model. Assumptions were made in order to simplify the problem,
for example to avoid considering the zero moment point (ZMP) restrictions. Further on in the
thesis, these assumptions will be removed.
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cHAPTER 4

Energy regulation for rigidly actuated robots

In this chapter the hypothesis of removing the underactuation due to both the contact and the
elastic joints is still holding. As a result, the robot prototype to consider is that of a standard robot
manipulator with dynamic equation

M(q)§+C(q,4)g+g(q) =T. (4.1)

The contribution of this chapter is the design of a control law for orbital stabilization of rigidly
actuated manipulators. The design concept of the controller is sketched in Fig. 4.1 and it is shared
with its elastic counterpart presented in chapter 5. It has the controller from section 3.3.1 as
a “predecessor” and it is based on the idea of forcing the system to reach a subset of the state
space and then producing a limit cycle by regulating an energy function to a desired value. In
some sense, the content of this chapter represents a first step towards the design of a controller
which can produce a limit cycle taking directly into account the energy stored by the springs of an
elastically actuated robot.

For repetitive tasks, it is usually more important to stay on a prescribed orbit in the state space,
rather than following the exact position in time along the desired curve. For these applications,
tracking a trajectory might not be the best solution and orbital stabilization might be instead con-
sidered. The problem of orbital stabilization for rigid joint robots has been addressed, for example,

constant energy set
state space

Figure 4.1.: Conceptual illustration of the idea behind the energy based controllers.
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4. Energy regulation for rigidly actuated robots

in [DS03, DS04, TF09, CEUO02]. In [CEU02] the concepts of virtual constraint and feedback lin-
earization are used to obtain a closed loop system that generates its own periodic stable motion,
while in [DS03, DS04] a passive control action is designed which allows to decouple the mo-
tion along a vector field from the remaining one. The system is then forced to follow an integral
curve of this vector field via a passive control law. In case of a closed integral field, the system
thus converges to a closed orbit in the configuration space. In [TF09], additionally, a non-passive
control action was proposed to achieve regulation of the final velocity along the vector field. Com-
pared to [DS03, DS04, TF09], in the proposed approach the limit cycle is defined by a virtual
energy function and the problem is formulated based on the nullspace decomposition introduced
in [PCY99] and used for nullspace compliance control in [Ott08, OKNO8]. The power-conserving
nullspace decoupling from [OKNO8] generalizes the nominal control law in [DS03,DS04]. The
two can be shown to be equivalent in case of a 1 - dimensional nullspace, however, the ap-
proach from [OKNOS] can also be applied in case of a higher-dimensional nullspace. Compared
to [CEUO2] the passivity property of the system is used to avoid altering the original dynamics
of the system through feedback linearization. Moreover, the design is split in the generation of
the limit cycle and satisfaction of the virtual constraints. These, in turn, are responsible for the
subspace in which the system will oscillate.

The stability analysis of the limit cycle relies on semidefinite Lyapunov functions, which can be
found in appendix A. Using the conditional stability, the limit cycle can be designed for a lower
dimensional dynamical system describing how the original one evolves on a chosen submanifold
and the corresponding velocity space. Even if designed assuming a lower dimensional system, the
limit cycle is an asymptotically stable solution for the whole system.

4.1. Motivating example

The main idea behind the control laws based on the regulation of an energy function that are
proposed in this work can be easily exemplified considering a simple mass-spring system, whose
dynamic equation is given by

mj+kg=u, 4.2)

with mass m > 0, stiffness constant k > 0, state x = (¢,¢) and input u. Choosing u = 0, the system
has an equilibrium point in x* = (0,0). This type of equilibrium point is called center [Kha02],
since for each initial condition x = (go,qo) the resulting trajectory will be a closed orbit around
the equilibrium point, that is the level set %4 of the Hamiltonian H(x) = % (mc]2 + qu), defined
as 2y = {x | H(x) = H(x0)}-

The difference between these closed orbits and limit cycles is that they are not isolated. Forcing
the system to reach always a desired value of the Hamiltonian, will result in the presence of a limit
cycle. This is possible by choosing u = —KygH (), obtaining the closed loop system

méi+ KpgH (x) +kqg =0, (4.3)
where Ky > 0, H(x) = H(x) — Hy and Hy > 0 is the desired value of the Hamiltonian.

Proof. Firstly, the invariance of the set . = {x | H(x) = Ha} is shown. To this end, the deriva-
tive of H(x) along the flow of the system is computed, resulting in H (x) = —Ky¢*H (x), which
proves that A will not change when starting from .. As second step, the stability of % is
shown considering the Lyapunov function V (x) = 1H? (), with derivative V (x) = H(x)H (x) =
—Kng?H?(x) < 0. For the asymptotic stability, LaSalle’s invariance theorem [Kha02] is applied,
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which allows to conclude that the positive limit set £, is given by the largest positive invariant set
M within the set E = {x | §=00rH(x) = Hy}, i.e. the set where V(x) = 0. Beside .%}, also
X" is an invariant set contained in M. Invoking Chetaev instability theorem [Kha02] using the
function H (’x) and considering a neighborhood of the equilibrium point in which 0 < H < Hy, it
can be concluded that x* is an unstable equilibrium point. Therefore every solution, except for
the trivial one x(7) = x*, V¢t > 0, approaches .%; as t — co. O

For multibody systems, ensuring that the Hamiltonian H(x) — Hy is not enough to conclude
the existence of a limit cycle. The difference is that for a 1 - DoF system the set .%; is an isolated
closed! orbit in the state space (corresponding to a limit cycle), which is not true for a n - DoF
system. For this reason, in the following the system will be forced to evolve on a 1 - dimensional
submanifold of the configuration space.

4.2. Coordinate transformation

Since the goal is to force the system to evolve on a submanifold of the configuaration space, a
function y = y(q) is used to describe the submanifold. In fact, assuming that the Jacobian matrix
J(q) € R"1D*" of the mapping y : R” — R"~! is a full rank matrix, then y(g) = O defines a
1 - dimensional submanifold of the configuration space [Fra04]. Accordingly, the dynamics of
the system can be written with a new set of coordinates, as in [PCY99, Ott08, OKNOS]. First a
nullspace base matrix> Z(q) € R'" is computed, allowing to obtain the directions orthogonal
to the submanifold, then Z(q) is used to compute a dynamically consistent® nullspace projector
N (q) € R™", which will be part of the extended Jacobian matrix Jy(g) € R™", such that

m — In(q)d = [ J‘\’,((‘fl))] q, (“4)

where N (q) = <Z(q)M(q)ZT (q)) Z(q)M (q) and v is an additional nullspace velocity. With
this choice, the extended Jacobian matrix Jy(q) is non singular and the inverse is given by

Iy (q)=[T™(q) Z"(q)] . (4.5)

where J ¥ (q) denotes the dynamically consistent weighted pseudo inverse defined as

—1

T(g) =M @) (@) (J@M (@I (2) - (4.6

The joint velocity can thus be computed from the Cartesian velocity and the nullspace velocity via
q=J"(@)y+2Z"(q)v. 4.7

From (4.4) and (4.7) it is straightforward to rewrite (4.1) in the extended velocity coordinates as

Alg) m +T(q.q) M =J"(@)(T—9(@) . (4.8)

v

It is the level set of a positive definite and radially unbounded function.
’Le. it fulfills the condition J(q)Z" (q) = 0.
31Le. it fulfills the condition J(q)M ~'(q)N”(q) = 0.
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4. Energy regulation for rigidly actuated robots

where the matrix A(q) is block diagonal, due to the use of a dynamically consistent nullspace
projector matrix, whose expression is

A(q) = [A}SQ) Aﬂ?q)]
-1

Ay(a) = (J(@M " (@)I" (@) Avla) = Z(a)M(a)Z" (q)
while for I'(g,q) (omitting the dependencies)

T'y(q.q) Fyn(q,Q):|
Ty(q,9) Tu(q,q)

T, = A, (IM'C = d) Tt T, =A(IM'C-J)Z"

Nlaa)- |

T, =-T0 L=A(NMT'C-N) 2T
The control input 7 can be split accordingly in the components 7, and 7, along the two spaces
] =J (@) + N (), (4.9)

so that (omitting the dependencies) the system can be written in the form

g=J™My+2Z" (4.10)
j=A' (-Tyg-T,w—J ™" g+m) (4.11)
v=A,' (TLy-Tw—Zg+1) (4.12)

4.3. Control law

Loosely speaking, the control input 7 will be chosen such that n — 1 constraints are satisfied and,
at the same time, a limit cycle for the “remaining dynamics” is generated, i.e. designing the input
Ty to keep the system on the submanifold and the corresponding velocity space and the input 7, to
produce the oscillation on the submanifold itself. In addition, a power conserving term is included
to shift energy from the constraint space into the nullspace. The idea of having such an energy
shifting term is used also in the Port - Hamiltonian framework between subsystems [Str15].

4.3.1. Design

Since no elastic elements are present in the case under consideration a virtual potential U(q) is
introduced through the controller, which will clearly have an influence on the shape of the limit
cycle, as shown in section 4.4. The desired value H; also influences the shape of the limit cycle.
As a rule of thumb, one can consider that when the regulation goal is achieved and the kinetic
energy is zero, the desired energy is equal to the virtual potential energy and therefore it directly
influences the maximum amplitude of the oscillations.

For a given desired configuration g; € R", such that y(gs) = 0, let U(q) be a positive definite
C! function on the 1 - dimensional submanifold defined by y(q) = 0 and having its minimum at
qa. In other words, g4, U(q) and y(q) are chosen such that U(q) has a unique constrained local
minimum at gy, i.e.

* y(qs)=0
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4.3. Control law

* U(q)>0.Vq:y(q) =0
¢ U(q) =0<+=q=qu.Yq:y(q) =0.
Consequently, the configuration g, can be obtained as
qq = arg min U(q)
s.t.y(g)=0.

The necessary condition for optimality of the minimization problem, obtained using the Lagrange
multipliers A, is

(4.13)

VqU(q)+J" (X =0, (4.14)
so that pre-multiplying by the nullspace base matrix Z(q), the condition
n(q) = Z(q)VqU(q) =0 (4.15)

is obtained, where n(q) can be seen as a local nullspace coordinate [Bai85]. Concluding, g, is the
unique configuration with coordinates y(g,) = 0, n(g;) = 0.

At this point, similarly to section 4.1 where %qu had the role of U(q), the “energy - like”
function

1
H(x)= EQTM(Q)Q'-FU(Q), (4.16)

is defined, which consists of the physical kinetic energy and the virtual potential energy. Defining
H = H — Hy, the goal is to regulate H to the desired value Hy, i.e. H — 0 as t — oo. Before that,
the system has to be forced to evolve on the submanifold. This can be achieved by choosing

r=J""g+T,,v—Dy— Ky, (4.17)
since an opportune choice of K, D), guarantees that the closed loop dynamics
A+ (Ty+Dy) g+ Ky =0 (4.18)

converges and stays on the submanifold. Computing the derivative of H(x) along the flow of the
system, when it is evolving on the submanifold, leads to

H:V<—Z(Q)Q(Q)+Tn+Z(Q)VqU(Q)) : (4.19)

This motivates the choice 7, = Zg — KyHv— Z V4U in order to achieve a similar dynamics for
the energy as in section 4.1.

A precise formulation of the controller and its stability analysis is provided in the next section.
4.3.2. Stability analysis

Given the system (4.1) with input torque 7, let Ky,Ky € R be positive scalars and K, D, €
R#=Dx(=1) two symmetric and positive definite matrices, then the proposed nonlinear static state
feedback controller (omitting the dependencies)

-D Iy, —Kyyv| |9 K,
_ T y yn aYv| Y| yY
SR (e ey | P ) BT

57



4. Energy regulation for rigidly actuated robots

leads to the closed loop system:

g=J"y+ 2"y (4.21a)
Ayij+ (ry +D, +Kav2E)y LKy =0 (4.21b)
A+ (Fn +KyH — Ka’!]Ty>V+ ZV,U=0 4.21c)

with state vector x = (q,%,v) and where E € R"~1)*("=1) i the identity matrix.

Theorem 4.1 (Rigid case). The nonlinear autonomous system (4.21), depending on Hy, has an
asymptotically stable solution consisting of

(a) the equilibrium point x* = (g4,0,0), for H; =0
(b) the limit cycle defined by £, = {x | y(q) =9 =0, H(x) =0}, for H; > 0.

Proof. The proof is based on the theorems and lemmas collected in appendix A.
Consider the C! function of the state
[ ,
Vi(x) =5 (8" MA@y +y' (9 Kw(q)) (4.22)
such that

Vi(x) =0 Vxeo
Vi(x) >0 Vx¢ o,

where &/ = {x | y(q) =9y =0}. Since .Z; C &7, Vy(x) is a candidate semidefinite Lyapunov
function to prove the stability of .Z; for the system (4.21). Computing its derivative along the flow

of the system, leads to Vy(x) =gy’ (Dy +Kav2E>y < 0. The set <7 is the largest positively

invariant set within E, = {x | ¥ = 0}, i.e. the set where V;(x) = 0. In fact, from (4.21b) it is clear
that if y(q) # O then the system leaves E|.

If %, can be proven to be asymptotically stable conditionally to .7, then all the requirements of
Theorem A.3 are satisfied and £ will turn out to be asymptotically stable for the whole system
(4.21). The set .Zy is invariant for (4.21), since it is conditionally invariant to .7, which is itself
an invariant set. To verify that, consider the system

Gg=2Z"y (4.23a)
A+ (Fn +KHF1>V +ZVU =0, (4.23b)

with y(g) = y = 0, i.e. (4.21) conditionally to 7. Remembering that n(g,) = 0, the invariance
is clear for x*, while for %, the derivative of H(x) along the flow of the system needs to be
computed. The latter results in H(x) = —Kyv2H(x) and proves that A will not change when
starting from .%;. As in Section 4.1, the Lyapunov function V,(x) = 1H?(x), with derivative
Vo(x) = H(x)H(x) = —Kyv*H?(x) < 0, shows the stability of ., for (4.23). For the asymptotic
stability, LaSalle’s invariance theorem allows to conclude that the positive limit set £, is given
by the largest positive invariant set M, within the set E, = {x | v=00rH(x) = Hy}, i.e. the
set where Vn(x) = 0. Beside .%, also x* is an invariant set contained in M, but, given the
choice made for U(q), H(x) is positive definite conditionally to 7. Therefore, in case H; = 0,

it can be easily verified that .Z; coincides with x*, which becomes the only positive limit set and
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therefore result (a) is obtained. On the other hand, when H; > 0, invoking Chetaev instability
theorem [Kha02] using the function H(x) and considering a neighborhood of the equilibrium
point in which 0 < H < Hy, it can be concluded that x* is an unstable equilibrium point. Therefore
every solution, except for the trivial one x(¢) = x*, V¢ > 0, approaches . as t — oo. The set %
is uniquely determined by one parameter, e.g. the value of n(q), and therefore it is a closed* orbit
in the state space, i.e. a limit cycle, proving result (b). O

Namely, decreasing the value of H;, the asymptotically stable limit cycle collapses on the un-

stable equilibrium point, originating an asymptotically stable equilibrium point.

4.3.3. Controller discussion

The torque generated by the controller can be rewritten as

r=g+Jb (Fp+Fa> +JTF,+NT (FU+FH>, (4.24)
where
o T,y [0 —Ke] [y
Fr= [—I‘fn 0 ] M Fo = [KavyT 0 v (4:25)
F,=-D,y— K,y (4.26)
Fy=2ZV,U Fy = —KyHv . (4.27)

As shown in Fig. 4.2, three contribution can be distinguished: a dynamic reshaping of the system,
the torque responsible for forcing the system to evolve on a 1 - dimensional submanifold of the
configuration space and finally the one creating the asymptotically stable limit cycle. The last
two are dynamically decoupled between them, while the dynamic reshaping part of the controller
compensates for the gravity torque and the coupling terms in the Coriolis matrix and shifts energy
from the constraint space to the nullspace. It is worth to notice that the entry —I‘yTn +KovyT is not
necessary for the stability analysis, since it has no influence when the system has reached the set
/. Nevertheless, in this way, a power conserving term’ is obtained, i.e. ¢”.J, i (Fr‘ + Fa) =0.
Although Fr compensates for the coupling terms in the Coriolis matrix, it does not decouple the
dynamics in the two spaces. The remaining blocks of the Coriolis matrix are, in fact, still function
of the whole state. Finally, through K, the rate at which the energy K,v*y” 3 flows from the
constraint space to the nullspace can be controlled.

The problem of forcing the system to evolve along the constraint submanifold and the corre-
sponding velocity space can be reformulated as

M(q)¢+C(q.4)4+g(q) =JI" (q)7y+ N"(q)7, (4.28)
st Ay(Q)i+Ty(q.4)y+ Dyy+ Kyy =0 (4.29)

While substituting the dynamic equation (4.28) in the constraint (4.29) provides the input T,
needed to keep the system on the constraint submanifold and the corresponding velocity space,
as in (4.17), premultiplying (4.28) by Z(q) and using ¢ = Z* (q)v gives the dynamic of the sys-
tem when evolving along them®, as in (4.23). Since Z(q) has been used instead of the usual
nullspace projector directly a minimum set of equation describing the dynamics in the nullspace

It is the level set of a positive definite and radially unbounded function.
SThis is a generalization of the nominal control in [DS03, DS04].
oIt is possible to show that A,, (NM*]C — N) VA (CZT + MZT)
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Figure 4.2.: Control law for rigidly actuated robots.

0.5kg

Figure 4.3.: Simulation model in the start configuration.

are obtained, i.e. one equation instead of » in this specific case. In other words, requiring to have
dynamic matrices in (4.29) derived from the ones in (4.28) results in the proposed control law for
the constraints. On the other hand, if in (4.29) a constant inertia matrix is chosen and accordingly
I', = 0, then the feedback linearization approach is obtained [CEUO2]. The result is not surprising
at all since, in this way, the dynamics that describes how the system is forced on the constraint
submanifold and the corresponding velocity space is completely altered.

4.4. Simulation

In this section, a simulated 3-DOF planar robot, shown in Fig. 5.14 in the starting configuration,
is used to validate the results. The computation of all the components for the dynamics and kine-
matics was performed using the algorithm and formulas from chapter 2 in MATLAB/Simulink ®.

Two types of simulations have been performed. In the first, the problem of generating the limit
cycle in the joint space was analyzed, while in the second the Cartesian space was considered.
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Figure 4.4.: While the last two joints reach the desired values, the first one will oscillate around
the equilibrium position. The energy error converges to zero as well.

4.4.1. Limit cycle in joint space

The goal is to make the arm oscillate around the axis of the first joint in a completely stretched
configuration. To this end, the constraint submanifold is defined as

["2 - "‘”] ~0, (4.30)
43 —qa3

where g4 = g43 = 0 correspond to the strecthed configuration. The virtual potential function is
chosen as in [OKNO8], i.e.

1
Uq) = 5kiG' (4.31)

since it satisfies the requirement of having a unique constrained local minimum at gy, if g;; =0
is chosen. In Fig. 4.4 it is possible to check that the system reaches the constraint submanifold
and at the same time oscillates as prescribed, with H — H,. Table 4.1 provides the values of the
parameters used in the simulation.

Table 4.1.: Desired energy value and gains used for the simulation results in Fig. 4.4. When only
the 7 - th entry is shown, then the others have the same value.
H; K, D,, Ky Ky kn
1] 0.25 Nm/rad 0.75 Nms/rad 0 8 s/rad 5 Nm/rad

4.4.2. Limit cycle in Cartesian space

In this case, the robot is required to produce an oscillation along the vertical direction in the
Cartesian space while keeping the horizontal one and the orientation constant. For this case the
submanifold is chosen as

yl(‘])_ydl] 0 13
{y3(Q)—yd3 ’ (32

where y;(q) is the horizontal position of the end effector, y,(q) the vertical, y3(q) the orientation
and the desired values are y;; = ys» = 0.85m, y;3 = %rad.
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Figure 4.6.: End effector coordinates, with U(q) = 2.553(q).

In order to show the effect of a different choice for the potential function in the energy con-
troller, first the one in (4.31) is used, where g, is computed from y, solving the inverse kinematics
problem, and then

1
U(q) = Ekny%(q) : (4.33)

where ¥,(q) = y2 — ya2. The results are shown in Fig. 4.5 and in Fig. 4.6, respectively. Table 4.2
provides the values of the common controller parameters used in the simulation. Obviously, chang-
ing the potential function U (q) the shape of the limit cycle is changed.

Table 4.2.: Desired energy value and gains used for the simulation results in Fig. 4.5 - 4.6.
Ha Ky, Dy, K, Dy, Koy Kn
0.1J 4N/m 3N5/m 4Nm/rad 3Nm5/rad 0 Ss/m2

Finally, the role of the energy shifting term has not been analyzed (K, = 0) in this simulation
study since it will be considered already in the next chapter, where the extension of the controller
to the flexible case will be presented.
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4.5. Summary

4.5. Summary

In this chapter, the problem of generating asymptotically stable limit cycles for rigidly actuated
manipulators was addressed. To this end, it was first shown that for a 1-DoF system this can be
realized using a velocity dependent term proportional to the Hamiltonian of the system. The result
was then generalized to the multi-body case by forcing the system to evolve on a submanifold of
the configuration space. Usually, feedback linearization is used to enforce the virtual constraints,
while here a passivity based approach is proposed. Therefore, the dynamics of the system are not
completely altered by the control action. Finally, although the limit cycle was designed for this
reduced system (once again by energy regulation), it was proven to be an asymptotically stable
solution of the whole system. The energy based approach is crucial to exploit the benefits of
compliant actuator designs, as it will be shown in the next chapter.
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CHAPTER B

Energy regulation for elastically actuated robots

In this chapter the first simplifying hypothesis is removed. The considered robot has elastic joints,
but a fixed base. The idea presented in the previous chapter is extended here in order to deal
with elastically actuated robots. Therefore, the contribution of this chapter is the design of a
dynamic state feedback to produce asymptotically stable limit cycles for an elastically actuated
robot. Following the same steps taken for the rigid case, first a single joint example is considered
and then the extension to a robotic manipulator. While, traditionally, the inevitable elasticity of the
joint has been seen as a disturbance to minimize both in the mechanical and control design phases,
here the goal is to exploit it to perform highly dynamical, explosive and cyclic motions. Although
appealing for their capability of storing energy, the mechanical design of such systems possibly
introduces additional nonlinearities in the system dynamics which, along with the underactuation
problem, make the controller design more challenging. This results in a more complex control law.
While for the single joint case a static state feedback still guarantees the regulation of the energy
and the existence of an asymptotically stable limit cycle, in order to achieve the same result for
an elastically actuated manipulator, a dynamic state feedback is used instead, i.e. the designed
controller is itself a dynamical system.

The method presented here solves the problem of orbital stabilization for elastic joint robots
without strong simplifying hypothesis, such as single perturbation hypothesis which overcome the
problem using one of the motor side states as a virtual input [GPB™11]. In the single joint case,
not even computation of higher order derivatives [De 88, NT88] or filtering and state estimation is
required, although in the more general case the higher order derivatives are necessary to guarantee
that the system reaches the prescribed submanifold. The control laws presented in the chapter
can be used also to regulate the robot to a desired configuration, independently on the number of
joints. Compared to classic results for elastic joint robots [ASOP12, Ott08] also a scaling of the
torque produced by the elastic elements is included.

All the assumption collected in chapter 2 are assumed to hold, so that the reduced model can be
used to describe the system, i.e.

M(q)G+C(q,q)d+g(q)

=71(¢p) (5.1a)
BO+1(p) =T

- (5.1b)

Finally, also in this chapter, with an abuse of notation, the state of the system will be always
indicated with x and with H(x) the “energy-like” function which will be regulated to the desired
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5. Energy regulation for elastically actuated robots

value H,. The same is valid also for the sets .4, E and the function V (x).

5.1. The energy function

Since the goal is to regulate the energy in order to produce a limit cycle, obviously the definition
of such an energy function plays a central role in the control design. To exploit the presence of the
spring, the potential energy that they store clearly has to be used in the energy function to regulate.
The simple substitution of the virtual potential used in chapter 4 with the physical one, will imply
that the minimum of the energy function will be attained when the springs are not deflected. This
condition is limiting and impossible to achieve at the equilibrium since there will be an inevitable
deflection of the springs due to the gravity. Considering the gravity as well in the definition of the
energy is indeed the right way to pursue.

In [Ott08] the problem of constructing an online gravity compensation for an elastic joint robot
based on the motor position was solved using a static mapping between motor and link positions.
The basic idea is to find, for any motor position, the link position which allows the elastic ele-
ments in the joints to compensate for the gravity term. Remembering from chapter 2 that U,(q)
and Uy (0 — q) are the gravitational and elastic potential respectively, with U,(6 — q) satisfying
assumption 2.4, the total potential function is U(0,q) = U,(q) + Ux(6 — q). The latter allows to
consider the function g : R"” — R”" defined by the implicit equation

VQU(07‘1) ‘ (6.9(6)) — 9(q(0))—7(0—-q0)) =0, (5.2)

V0 € R", which exists, is unique and a diffeomorphism [ASOP12]. Therefore, the desired equilib-
rium configuration of the robot can be indifferently given in terms of motor or link position, since
the two are uniquely related through the function g.

The function ¢ not only can be used to construct a gravity compensation term [Ott08], but also
the following “energy-like” function

. 1
H(0,q.6.q) = Eq’M (q)g+U(0,9)-U(0,3(0)) (5.3)

which is a positive semidefinite function of the state and in particular
H(0,q.0,4) =0+ q=q(6),¢=0 (5.4)
VO € Q. The proof of this property is a direct consequence of the following Lemma 5.1.

Lemma 5.1. Given assumption 2.4, the total potential function U(0,q) = Uy(q) + Ux(6 — q),
satisfies the conditions

U(0,q) >U(6,q(0)) v0,q€Q 5.5)
U(6,q)=U(0,4(0)) q=q(0),6cQ.
Proof. Given any potential function Uy(x) it is always possible to write
AU, .
UO(X2)_UO(X1)—% y (X2—X1) =io(Xx1,X2) + (5.6)

T
2
where io(x1,X2) = 37 (f;(] %L%) X
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5.2. Motivating example for the elastic case

Moreover, since iy(x1,Xx2) is path independent, one can choose in particular the paths £&(A4) :
[0,1] = Qand x(7) : [0,1] = Q

£(4) == x +7L(x—xl>
x(7) = x1 ‘H’(Xz —X1)

such that, evaluating the integral along them, it follows

[ (ax) 90

If Up(x) = U,(q), taking the absolute value and using Proposition 2.1 leads to

. ot 9*U,(q
lig(q1,92))| S/ / sup ° )
0 0 VqeQ

dq
while if Up(x) = Ui(¢), using assumption 2.4 (A2) it follows that

(2 —x1)ydray. (5.7)
x1+7A(x2—x1)

1
H le—alPydhdy<sBla—ail”, 8

I I
s lld2— il <ik(d1.2) < sellg2— il . (5.9

where i, and i are to be considered as the function iy with the correspondent potential function in
it. Using i,(q(0),q) and i (6 — q(0),6 — q) the following holds

U(6,q)—U(0,q4(0)) = is(q(0),q) +ir(6 — q(6),0 — q)+

B . T B (5.10)
(9ta®)-r(6-a(6)) (a—a®) .
which leads to the inequality
1
U(6,9)-U(6,d(6)) < 5 (e —B) la—a(6)]* . (5.11)
if (5.2), (5.8) and (5.9) are used. From the last inequality and assumption 2.4 (A3) the conditions
on the total potential function U (6, q) follow directly, since o — 8 > 0. O

5.2. Motivating example for the elastic case

The control law derived in this section is the base for the more general one in section 5.3. When
applied to a robot manipulator, it can be used to regulate the robot to a given configuration, while
when applied to a single joint setup can also be used to induce a controlled oscillation. The
oscillation, in the nominal case (i.e. absence of friction), is achieved since the motor pumps in the
required energy and then stops, letting the spring sustain the oscillation.

Theorem 5.1. Given the system (5.1) and the assumption 2.4, let Ky be a positive scalar, Kg
and Dy two symmetric and positive definite matrices and finally let the tilde denote the difference
between a variable and the correspondent desired constant value, then the control input

7 = 7(¢) — Kuf1(6.9.0.9)(7(¢) —9(a(6)) ) — Ko — Do . (5.12)
will produce a closed loop system that will always reach the set
gd = {(9,‘1,9,‘1) | 0= Od’e = O,H(ed,q,O,Q) = Hd}

and therefore:
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5. Energy regulation for elastically actuated robots

(a) for Hy = 0 has an asymptotically stable equilibrium point in xo = (64,0 = 0,3(04),q = 0)
(b) for H; > 0 and n = 1 has an asymptotically stable limit cycle defined by £.

Proof. The proof is a bit cumbersome and therefore split in multiple parts. The goal is to show
that H — H,; always. First a Lyapunov function that shows the stability of the invariant set .Z}; for
the closed loop system is considered. Using LaSalle’s invariance principle it is then proven that
the equilibrium point o and the set .Z; are the only positive limit sets for the solutions of (5.1)
with the control law (5.12). Finally, depending on the value of H, the results (a) and (b) naturally
arise.

Stability The C! function of the state
N RN N G P
V(O,q,@,q):EKHH (9,q,9,q)+59 K99+§9 B6 (5.13)

is such that

V(O’QaO’Q) =0 V(O’Qaeaq) € gd
V(O’QaO’Q) >0 V(O,q,@,q) ¢ gd

and therefore a candidate Lyapunov function. Before computing its derivative along the flow of

the closed loop system, the same needs to be done for (5.3). To this end, it is useful to first notice
that

VoU(0.d(0)) = VeU(0,9)| g 44, = T(0 —d(0)) , (5.14)

since the term depending on V,U (6, q) { 0.4(0))
that g(q(0)) = 7(0 — q(0)), leading to

disappears due to (5.2). From (5.2) it also follows

VoU(6,4(0)) = g(q(0)) , (5.15)

which finally is used to obtain respectively
1(8,9.0.4) = 0" (7(¢) —9(a(0))) (5.16)
V(0,q,0,q) = —6"Dy6 . (5.17)

The latter, being a negative semidefinite function of the state, ensures the stability of .Z;.

In order to refine the result (i.e. show that ., is asymptotically stable) one must look for the
largest invariant set M within the set £ defined as

E={(0,9,6,4)| V(6,q,0,4) =0} . (5.18)

By virtue of LaSalle’s invariance principle, then every solution of the system approaches M as
t — 0. Since from (5.17) V(0,q,0,q) = 0 < 6 = 0, the next goal is to show that the condition
6 = 0 implies M = {x0,-%Z}.
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5.2. Motivating example for the elastic case

Invariant set Firstly, it can be shown that § = 0 = § = 0. In fact, § = 0 implies that = 6,
9(q(0)) = g(d(6o)) = go and, because of (5.33), also H(0,q,0,q) = Hy, where 6, §o and Hy are
constants. Moreover, from (2.21b) and (5.12) it follows that

K (Ho—Ha) ((¢) —g0) — Ko (60— 64) =0, (5.19)

Hy=H,

Hy # Hy
While from the first case it can be directly concluded that @ = @, in the second case it can be
concluded that 7(¢) = 79, with 7 constant. It can be shown that also the latter condition leads to

0 = 6,. From the definition of 7(¢) and the fundamental theorem of calculus for line integrals,
one gets

from which two cases are possible

Ue(p1) — U(2) =1 <¢1 —¢z) (5.20)

which holds, without contradicting assumption 2.4 (A1), V¢1,¢, € R" if and only if ¢ = ¢».
This implies ¢ = ¢¢ and g = qg, where ¢ and qq are constants. If g is constant, (2.16) implies
that g(qo) = 79 and from the uniqueness of (5.2) that gy = g(6y). Concluding, if Hy # H, then
7(¢) = go and therefore also in this case 8 = 0,,.

Now it can be proven that 8 = 6 = 0 = M = {x0,.-%4}. In fact, in addition to the previous
conditions also 8 = 6, holds, therefore from (2.21b) and (5.12) it follows that

Ky (Ho—Ha) (7(64— )~ 9(a(6a))) = 0. (521)

If Hy = H, one gets %, by definition, while in case Hy # H, then (60, — q) = g(G(6,)), that is
7(¢) is constant and, as it has been shown before, this implies that ¢ = g(6,), ¢ = 0 or in other
words (07 9, q, q) = Xo-

Asymptotic stability For the case H; = 0, using (5.4) it can be easily verified that the posi-
tively invariant set %, coincides with xo, which becomes the only positive limit set and therefore
result (a) is obtained. On the other hand, when H; > 0, starting from a neighborhood of .Z; which
does not contain the equilibrium the system will always converge to .%;. In case n = 1 the set .%;
is a closed orbit in the state space and therefore a limit cycle, proving result (b). U

5.2.1. Controller discussion

The key feature of the proposed controller is in a torque feedback that, depending on the energy
error, can be either positive or negative and therefore intuitively able to either inject or dissipate
energy. The gain of the feedback can be additionally tuned if a generalization of the control law is
used

T = 7(¢) — Kui"1(8,4,6,q) (T(qs) —g(q(e))) —Kyf—Dy0

obtained through the more general term %K #H"™(0,q,0,q) in the Lyapunov function, with m = 2k,
k € N*. Obviously, the case examined so far is retrieved when k = 1.

When used to produce an oscillation, the proposed controller is expected to be very efficient.
As it was shown, after a transient in which the motor brings the energy to the desired level no
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5. Energy regulation for elastically actuated robots

more power is provided by it since the velocity goes to zero. Basically, the oscillation will be
sustained by the springs indefinitely. Obviously, this can happen only in the nominal case while
in reality there will be always friction taking out energy that the motor will have to inject again in
the system.

Concerning the computational cost of the proposed control law (5.12) it is clear that the inertia
matrix M (q) and the total potential energy need to be computed in order to evaluate H(6,q,0,q).
In addition, the gradient of the potential functions and the function ¢ are required. The latter can
be computed using a fixed-point iteration or Newton method to solve (5.2), as shown in [ASOP12]
where also comments concerning the efficiency of the approach can be found. Finally, the Coriolis
and centrifugal terms (which are the most costly) are not required, as well as no higher order
differentiation of any of the involved expressions. This is instead often the case in many nonlinear
controllers, e.g. those based on feedback linearization.

5.3. Elastically actuated manipulator

As for the rigidly actuated case, the key point is to introduce enough constraints so that the “re-
maining dynamics” of the system is equivalent to the single joint case that has been just examined.
The designed controller is itself a nonlinear dynamic system. Loosely speaking, the motor dy-
namics is used to satisfy the virtual constraints, while the additional dynamics of the controller is
used to regulate the energy of the system. In chapter 4, the virtual potential energy was chosen
to have a constrained local minimum at the submanifold. This suggests that a modification of the
energy function defined in section 5.1 is necessary to take into account the presence of the virtual
constraints. Before presenting the control law, it is therefore necessary to extend some results to
take into account that the system will be forced to evolve on a submanifold.
For the derivation of the control law it will be additionally required:

Assumption 5.1.

1 & 2
o U(0—q)= EZK’(@'—Q;’) (A1)
i=1
o B <minKk; i=1,..,n (A’2)
1
Notice that assumption 5.1 actually replaces assumption 2.4, since any such a U(0 — q) al-

ways fulfills assumption 2.4. Finally, the stiffness constants can be collected in the diagonal joint
stiffness matrix K € R"*",

5.3.1. The link-side equilibrium configurations

The function ¢ can be generalized to take into account constraints on the allowed configurations
of the robot. This is exactly what happens when the system is forced to evolve on a submanifold.
To this end, firstly an alternative definition of the function § is provided using Lemma 5.1

2(60) = arg min U(6,9) ~ U (6,4(0))

_ (5.22)
=argmin U(6,q),
q

VO € QQ. Notice that the necessary condition for optimality of the minimization problem coincides
with the definition of g(@) in (5.2). At this point the constraint is taken into account by simply
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5.3. Elastically actuated manipulator

modifying the problem as

Gy(0) =argmin U(0,q)
g (5.23)

V0 € Q. The necessary condition for optimality obtained using the Lagrange multipliers X is
VaUu(0,q)+J" (@)X =0, (5.24)

so that pre-multiplying by the nullspace base matrix Z(q), the condition

n(q) == Z(q) [g(q)—K<0—q)] =0 (5.25)

is obtained, where n(qg) can be seen as a local nullspace coordinate [Bai85]. Concluding, for a
given 8 € Q, g,(0) is the unique configuration with coordinates y(g,(0)) = 0, n(g,(6)) = 0. This
suggests that, from a computational point of view, the optimization problem can be solved setting
up an inverse kinematic problem and finding g, (@) with a standard closed loop inverse kinematic
scheme [SSVOO8]. As it can be noticed, in this way, the definition of the function g, is very
similar to the desired configuration in chapter 4.

Proposition 5.1. The function G,(0), in a similar manner to q(0), satisfies the properties
e U(8,q)>U(6,4,(0)) v0,g€Q:y(q) =0
e U(0,q) =U(0,4,(0)) < q=qy,(0) V0,q€Q:y(q)=0

« U(6,4,(8) = 6K (6 - ,(6))

Proof. While the first two properties are a direct consequence of how the function is defined, for
the third the following must be taken into account. By definition y(g,(0)) = 0 and therefore
J(qy(0))g,(0) =0, V6(r) € Q. Using the chain rule it is possible to write

U(e,qy(e)) =67 VOU(Oa Q)|(97q (6)) + Q;(e) VQU(O’ Q){(e,q}.(e)) )

v

The second term can be shown to be always zero rewriting it as
4, (0)Jy(4,(0))Jy" (4:(0))VqU(0.9)| g 4 o)) =

0 Gl (O)N(,(0))] [V4U (0. (4,0, (@ (8) 0],

v

where J(gy(0))g,(0) = 0 and n(g,(0)) = 0 have been used. The proof is concluded considering
that only the potential energy due to the springs depends on @ in the expression of the total potential
Uo,q). O

5.3.2. Controller design

This section provides an intuitive description of the controller design, while the next ones provide
a rigorous analysis of the closed loop system. The torque produced by the springs has to enforce
the virtual constraints and produce, at the same time, the desired oscillation. To this end, it is split
in two contributions as:

K(a—q>:K<9—n)+K(n—q>, (5.26)
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5. Energy regulation for elastically actuated robots

where 7) is part of the controller state. The latter will have to online adjust this value in order to
distribute the torques between the two tasks. To fulfill the constraints, the torques produced by
the springs should converge to the torques T, in section 4.3.1. The input to the motors 7, have
to be chosen in such a way the the motors are driven in a position at which the desired torque is

produced, i.e. K (0 — 77) — 74. The contribution of the spring torque which does not interfere

with the constraints will be instead used to sustain the oscillation. Nevertheless, since the input to
the system is somehow already used to fulfill the constraint, the dynamics of the controller has to
be chosen to realize the regulation of the energy to the desired value. To this end, a dynamics that
mimics the one of the motors is assigned to the controller.

5.3.3. Closed loop system

Given the positive scalars Ky, Ko € R and the symmetric, positive definite matrices K¢, D¢, Ky,
D, cR"" K, D, c R*=D*(=1) the proposed nonlinear dynamic state feedback controller is

Bﬁ—l—K(n—q) —p (5.27a)
T = p+Ti+BK"! (fd _D#— Kﬁ-) , (5.27b)

where 1,7 € R” is the state of the controller, 7, € R" is the controller output function and 7 =
K (0 — 77) — 74 being both 1,4, p € R” the controller input functions. The latter are computed
based on the state of the system and of the controller itself and are given by

-D '), — Ko9 ) Jl g K(n-— — K
_qT y yn alyv Yy g n—q yy
T4 =Jy <|:_an + Kpvy” o ] [v} + { (0 ﬂ ]) (5.28a)

p=K(n—a) - Kufl()K (d(n) — q) — Dyt~ Ky (5.28b)

where in this case

1
H(x) = EQTMquU(n,Q) —U(n,qy(n)). (5.29)

Interconnecting the system (5.1) with the controller (5.27) as in Fig. 5.1, produces the closed
loop system:

M(q)§+C(a.d)i+gla) =K (n—aq)+1+7 (5.30a)
$4DA+ (KT +KB—‘>% ~0 (5.30b)
B'i7'+K(77—q) —p, (5.30¢)

which, using the state vector x = (q,9,v,T,7,n,m) and the input functions (5.28), can be rewrit-
ten as (omitting the dependencies):

g=JMy+2Z"y (5.31a)
Ayij+ (Ty+Dy+ KoV’E) y+ Kyy = ™ # (5.31b)
A+ (T = Koy 9) v+ Zg = Z | K (n—q) + 7| (5.31c)
7”-+DT7*-+(KT+KB“)€-:O (5.31d)
Bﬁ+KHI:IK<qy(n)—q) + D+ Kpij =0. (5.31e)

The stability properties of the system are summarized in the following theorem.
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Figure 5.2.: Flow of the argumentation used in the proof.

Theorem 5.2 (Elastic case). Given assumption 5.1, the nonlinear autonomous system (5.31), de-
pending on the value of Hy, has an asymptotically stable solution consisting of

(a) the equilibrium point x* = (Gy(n4),4 =0,y =0,7=0,7 = 0,74, = 0) for H; =0

(b) the limit cycle defined by £y = {x |y(q)=y=0,fj=n=F=%=0, H(x) =0} for
H; > 0.

Proof. The proof is based on the theorems and lemmas collected in Appendix A and it is split in
three parts, since the conditional stability theorem will be used twice. The flow of the argumen-
tation used in the proof is shown in Fig. 5.2. A semidefinite Lyapunov function V3(x) allows to
carry on the stability analysis of (5.31). Therefore, it is considered the system conditionally to the
largest invariant set within the set where V3 = 0, i.e. (5.38). Once again, a semidefinite Lyapunov
function V, allows to carry on the stability analysis of (5.38). Therefore, it is considered the system
conditionally to the largest invariant set within the set where V> = 0, i.e. (5.32). Starting from the
most inner system the proof proceeds outwards till (5.31) after two steps.
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5. Energy regulation for elastically actuated robots

Step 1 The nonlinear autonomous system

Gg=2Z"v (5.32a)
A+ T+ Zg = ZK(n—q> (5.32b)
Bii+ KyAK (qy(n) - q> + Dyij+ Kyij =0 (5.320)

with x € o = {X |F=7=0,y(q) =9 = O}, will always reach the set .%; and therefore
e for H; = 0 has an asymptotically stable equilibrium point in x*
e for H; > 0 has asymptotically stable limit cycle defined by .%;.

This is proven showing invariance, stability and finally attractiveness of %}, similarly to what has
been done in section 5.2.

Invariance Given the properties of gy, H(x) is an “energy-like” function for (5.32). Addition-
ally, computing the time derivative of H along the flow of (5.32), results in

() =H0) =" |K(n—a) - K(n-am)]. (5.33)

Since n =0 = H= 0, it can be concluded that .%} is an invariant set for (5.32), because H will
not change when starting from .%;.

Stability The C! function of the state

1 .
Vi) = 5 (Kuf*(x) + 0" Bry+ 71" Knp) (5.34)

is such that

V](X) =0 vxe.,i”d
Vilx) >0 VYx ¢ %

and therefore it is a candidate Lyapunov function to prove the stability of .£; for (5.32). Computing
its derivative along the flow of the system (5.32), leads to V;(x) = —7’7TD,777 < 0, which ensures
the stability of ., for the system (5.32).

LaSalle’s invariance principle allows to conclude that the positive limit set for the solutions of
(5.32) is given by the largest positive invariant set M; within the set E; = {x | 1 = 0}, i.e. the set
where Vi (x) = 0. Starting from the condition 7} = 0, it will be shown in two subsequent steps that
M, = {X*,gd}.

Invariant set Firstly, it can be shown that 77 = 0 = 7} = 0. In fact, 77 = 0 implies that = g

and, because of (5.33), also H(x) = Hp, where 1y and H) are constants. Moreover, from (5.32c)
it follows that

~Kin (Ho—Ha) K (d(m0) — a) = Ky (no—ma) = 0. (535)

Ho=Hy
Ho+# Hy .

from which two cases are possible

74



5.3. Elastically actuated manipulator

While from the first case it can be directly concluded that 9 = 7,4, in the second case it can be
concluded that g = qo, where qq is constant, since all the quantities in (5.35) are constants. This
implies v = 0 and therefore from (5.32b) one gets

Z(qo) [Q(QO) - K(no - QOH =0.

In addition, y(go) = 0 holds, or in other words gy = Gy,()0) and therefore from (5.35) also in this
case Mg = 1q.

Now it can be proven that 7 =7 = 0 = M; = {x*,-%;}. In fact, in addition to the previous
conditions also 17 = 1,4 holds, therefore from (5.32c) it follows that

K <H0 - Hd) K (qy(nd) - q> ~0. (5.36)

If Hy = H, one gets .£; by definition, while in case Hy # Hy then g = G,(14) and consequently
1 =0, v =0 or in other words x = x*.

Asymptotic stability For the case H; = 0, since
H(x) =0<+=q=qy(n),v=0 (5.37)

Vx € @, it can be easily verified that .Z; coincides with x*, which becomes the only positive
limit set and therefore result (a) is obtained. On the other hand, when H; > 0, starting from a
neighborhood of .%; which does not contain the equilibrium point the system will always converge
to .Z,;. The set %} is uniquely determined by one parameter, e.g. the value of n(q), and therefore
itis a closed! orbit in the state space, i.e. a limit cycle, proving result (b).

Given this result, in the remainder of the proof it will be simply referred to the stability property
of the set .4, with the conditions (a) and () naturally arising depending on the value of H,.

Step 2 Given the nonlinear autonomous system

Gg=J"My+Z" (5.38a)
Ayj+ (Ty+Dy+ K" E) y+ Kyy =0 (5.38b)
A+ (Do — Ko 9) v+ Zg = ZK<n—q> (5.38¢)
Bij +KHﬁK<qy(n) - q) + Dy + Ky =0, (5.38d)
with x € o5 = {X | F=7= O}, consider the C! function of the state
Va0 =5 (57 M@+ 3" (@) Kyw(a) (539

such that

Va(x) =0 Vxewh
Va(x) >0 Vx ¢ ..

Since £, C oA, Va(x) is a candidate semidefinite Lyapunov function to prove the stability of
%y for (5.38). Computing its derivative along the flow of the system, it can be shown that
Va(x) = —97 (Dy+Kav2E) y < 0. The set % is the largest positively invariant set within
E, = {x |9y =0}, ie. the set where V»(x) = 0. In fact, if y(q) # O the system will leave E,
as it is clear from (5.38b). Finally, since .Z; is asymptotically stable conditionally to .75 (which
is exactly what has been proven in the previous step), then by Theorem A.3 % is asymptotically
stable for (5.38).

It is the level set of a positive definite and radially unbounded function.
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5. Energy regulation for elastically actuated robots

Step 3 Consider for the system (5.31) the C! function of the state

e 1
Vi(x) = ?T++5+T<KT+KB*1>+, (5.40)

1
2
such that

Vi(x) =0 Vxe.
V3(x) >0 Vx ¢ ..

Since .%; C o3, V3(x) is a candidate semidefinite Lyapunov function to prove the stability of £
for (5.31). Computing its derivative along the flow of the system, leads to V3(x) = —#7 D+ < 0.
The set @7 is the largest positively invariant set within E3 = { x| T= O}, i.e. the set where
V3(x) = 0. In fact, if ¥ # O then the system will leave Ej as it is clear from (5.31d). Finally,
since .%; is asymptotically stable conditionally to .75 (which is exactly what has been proven in
the previous step), then by Theorem A.3 % is asymptotically stable for (5.31). U

A modification of the control law can be obtained by computing gy, (7) using the current value
of y, instead of zero (i.e. instead of the desired one). In the proof, in fact, qy(n) is consider for
the analysis of the system upon convergence of the virtual constraints, so that the current value
of y coincides with the desired one. This modification results useful in case of interactions, as
the set-point is only reached in case of no external forces, otherwise a virtual equilibrium point is
reached.

5.3.4. Comparison to the rigid case

The input function 7, has the meaning of a desired input to the link side equation. For this reason, it
is very similar to the control torque (4.24). Also for 1, different contributions can be recognized:
the torque responsible for forcing the system to evolve on the constraint submanifold, the one
compensating for the coupling terms in the Coriolis matrix and the one shifting energy from the
constraint space to the nullspace. Only the part of the gravitational torque which cause the system
to go off the submanifold are compensated this time, since the gravitational potential energy itself
is used to produce the oscillation. The way the limit cycle is produced is also different. The
springs in the joints are directly involved in this task. The torque that they produce is split in the
one necessary to keep the system to evolve on the submanifold and the one that can be used to
produce the limit cycle. This is achieved via the control state, which by mimicking the motor
dynamics, is acting as a rest length adjustment.

The output function (5.27b) of the controller requires up to the second derivative of the input
function 1. Since the latter is a function of g, ¢ and 7, in addition to the state, it is required
the knowledge of the link acceleration ¢, the jerk ¢® and #j. While the signal # is easily com-
puted, i.e. through (5.31e), since the model of the controller can be reasonably assumed to be
very well known, the same is not true for the link acceleration and jerk. One can compute these
signals based on the model equations or alternatively, directly through acceleration sensors and
appropriate filtering techniques. From an implementation prospective, this is a weak point, which
is although shared by all the control laws that use the motors to make the torque produced by the
springs track a desired one (i.e. using the rigid case as an intermediate design step [Ott08, Chapter
6]). This aspect is a bit less critical for the control law proposed in this section since the torque
T, that needs to be tracked is responsible only to guarantee the convergence to the invariant set of
the state space and not for the regulation of the energy, as it will be clear with the results shown in
section 5.4.3.
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Y

excitation

constant energy set
state space

Figure 5.3.: The DLR Hand Arm System (HASy), used to validate the theoretical results.

5.4. Validation

In this section, the controllers (5.12) and (5.27) will be tested. The first one will be apllied to
the robotic system in Fig. 5.3, both in simulation and experiments. The DLR Hand Arm System
(HASy) [GASBT11] is a highly integrated robot, which aims to imitate the whole human up-
per limb in terms of size, weight and range of motion. Variable stiffness actuators (VSA), whose
intrinsic nonlinear compliance can be adjusted by an additional motor, are used to replace the typi-
cally impedance controlled, mechanically stiff joints. As a result the robot can, for example, better
handle collisions with stiff objects since part of the impact energy, which changes too quickly for
an active controller, is temporarily stored in the elastic components. The system has more than
25 degrees of freedom, 50 motors and 100 position sensors. In the considered setup the stiffness
will not be adjusted on line, so that the system dynamics can be described as in (5.1). Moreover,
only the upper arm is used to focus the attention on the first four joints (which share the same
mechanical design), as indicated in Fig. 5.3. Since the HASy does not satisfy assumpiotn 5.1, the
second control law will be instead only tested in simulation.

In order to demonstrate the two possible application of the control law (5.12) as a way to excite
or damp out the oscillations, two tests will be conducted. In the first one, an oscillation is produced
in the first joint while the motion is damped out with a classic PD controller in the remaining ones.
In particular the axis are oriented in such a way that the effect of the gravity are negligible and
therefore the dynamic coupling between the joints can be approximately compensated with a high
gain motor PD controller. In the other, the control law is used to regulate the robot to a desired
configuration, which corresponds to ask for zero energy in the system. The two tests will always
be labeled as respectively (a) and (b) in all the figures. Fig. 5.3 sums up the first test, highlighting
the joints involved and their role. In addition, a conceptual interpretation of what happens in the
state space is provided. Imagining to have a three dimensional state space, the set of constant
desired energy can, for example, be thought as a sphere where the close loop system is bound to
evolve. The additional constraints introduced through the PD controller, render one of the infinite
many possible iso-energy orbits the one actually followed by the system. Basically the system can
be thought as a one joint robot for which the existence of an asymptotically stable limit cycle has
been proved. Fig. 5.4 supports this explanation. There the link positions of two trials obtained
applying the control law (5.12) to all the joints of the robot with a strictly positive desired energy
is shown. The only difference between the two trials is in the initial value of the link velocities.
Even though in both cases the same desired energy is reached, as it can be seen the orbit followed
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Figure 5.4.: Link positions obtained applying the controller (5.12) to all the joints with H; = 3J.
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Figure 5.5.: Visualization of the chaotic behavior through the phase plot of the second joint.

by the system is different. The oscillation produced in this case is the consequence of a chaotic
behavior and not a periodic one, as the phase plot of the link variables of the second joint shows
in Fig. 5.5.

5.4.1. Simulations of the first controller

The simulations are carried out using MATLAB/Simulink ®, where the algorithm and formulas
from chapter 2 are implemented to compute all the quantities necessary for the control law and the
robot direct dynamics. In this section, all the plots will show with a blue line the performances of
the controller in presence of a non modeled link side friction —d ¢, with d = 0.5Nms/rad. While this
term is of course not harmful when the system is required to damp out the oscillations, it forces
the controller to re-inject the lost energy due to the unforeseen energy leak. This is especially clear
in Fig. 5.6 where the convergence of the error H(0,q,0,q) = H(0,q,0,q) — H; is shown, both
for damping of the oscillations and limit cycle generation. The different behavior of the system is
simply due to a different value of H,, which is H; = 3] for limit cycle generation and H; = —1J
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Figure 5.6.: Convergence of the energy error for limit cycle generation, case (a), and damping of
the oscillations, case (b).

8 10

for regulation to the desired configuration?.

The value of the gains for the simulations are listed in Table 5.1 and Table 5.2 respectively. The
desired value for the motor position is 8; = [0 0 m/2 O] r rad, as it can be seen in Fig. 5.7 for
the two tests. It is worth to mention that the robot is always initialized in the equilibrium position,
but with a nonzero initial link side velocity. The latter is always chosen to be 2rad/s for the joints
where the control law (5.12) is active, i.e. only the first joint in case of excitation and all the joints
in case of damping of the oscillations. This explains why in Fig. 5.7, after a transient, the motors
recover their initial positions.

Table 5.1.: Gains used for the simulation in Fig. 5.6, case (). When only the i - th entry is shown,
then the others have the same value.
Ku Ky Dy,

5771 20 Nrn/ rad 20 Nms/ rad

Table 5.2.: Gains used for the simulation in Fig. 5.6, case (b).
Kn Ko Dg
0.5J71 20Nm/rag  20NmS/paq

In Fig. 5.7, for the case H; > 0, a very small oscillation is present in the joints controlled with
the simple PD law. This is not surprising due to the dynamic effect of one link to the other. For
the same reason, also the link side positions will have a coupled oscillation and will qualitatively
look like the ones in Fig. 5.4, case ¢(0) =[2 0 0 O]T rad/s. To conclude, in Fig. 5.8 the link
positions, as well as the velocities, are shown from which it can be seen that the initial oscillations
are damped out using a non positive desired value for H(6,q,8,q).

5.4.2. Experiments

Using the same values of the parameters as in simulation, two tests are conducted with the real
system. In the first one, the robot is initialized at the equilibrium point and the desired value

2 Asking for a negative desired value for H(@,q,0,q) has the only effect to increase the convergence speed and
reduce residual small oscillations around the desired value due to numeric errors. The smallest possible value for
H(0,q,0,q) is zero, which is the one that will be reached. In Fig. 5.6 (b) the plot is shifted of 1J to take this effect
into account.
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Figure 5.7.: Motor positions in case of limit cycle generation (left) and regulation (right).
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Figure 5.8.: Link position and velocities when an initial velocity perturbs the robot from the equi-
librium point.
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Figure 5.9.: Energy function (5.3) (black line) and its desired value (blue line).
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Figure 5.10.: Phase plot of the link side position and velocity of the first joint.

H; = 3] is chosen for the energy function (5.3). The latter is shown in Fig. 5.9 together with
its desired value. When the operator slightly pushes the robot, it starts moving away from the
equilibrium point and oscillating around the desired value of the energy. As expected, the system
does not exactly converge to the desired value, but it exhibits a behavior similar to the one observed
in simulation in case of unmodeled friction. Of course, due to noise and bigger model uncertainty
than the simulated case, a bigger deviation from the desired value is observed. When the desired
value is switched to zero, the energy converges to it without any residual oscillation.

Particularly interesting is the phase plot of the link variables involved in the generation of the
oscillation, shown in Fig. 5.10. There with a black line is shown the behavior when H; = 3J
and with a blue line when H; = 0. As it can be seen, despite the presence of noise and model
uncertainty, the system does reach a limit cycle. Basically, what will be perturbed is the shape of
the limit cycle itself. Adaptive techniques and tuning of the parameters can of course reduce these
effects. The spiraling convergence towards the asymptotically stable equilibrium point obtained
when the desired energy is set to zero is also shown in the same plot. It is worth to mention that the
damping behavior of the system can be tuned through H; and Ky, since they will influence how
quickly H(8,q,0,q) will converge to zero and therefore how quickly the link side oscillations will
be damped out.

In Fig. 5.11 both the motor and link positions of the first joint are shown. It is interesting to
notice that, although the motor is not fixed because of friction, the oscillations obtained on the link
side are still amplified compared to those required from the motor.
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Figure 5.11.: Motor and link positions of the first joint when H, is switched from H; = 3J (black
line) to H; = 0 (blue line).
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Figure 5.12.: Motor positions (black lines) and desired values (blue lines).

In the second test® all the joints are involved and the response of the system to a step in the
desired value of the motor positions is considered. The result is reported in Fig. 5.12, where it can
be noticed that the systems shows a good convergence behavior.

Concerning the link side, in Fig. 5.13 the link velocities are shown which prove that the robot
can reach the new desired equilibrium point and no unwanted residual oscillations of the links are
present.

5.4.3. Simulation results for the dynamic state feedback controller

As case study a 3 - link robotic arm is considered, with each link having the properties reported in
Table 5.3. The robot starts from the configuration shown in Fig 5.14.

Table 5.3.: Properties of one of the three modules of the manipulator in Fig 5.14.
Link Spring Motor
Length Mass Inertia Stiffness  Inertia
04m Skg  0.2kgm’ 200Nm/rad  0.6325kgm?

The function y(q) is chosen as

z(q) —0.8
v(q) .

yi(q)
»2(q)

3In this experiment, to show the high achievable performances of the system, Kg, = 400Nm/rad.
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Figure 5.13.: Link velocities obtained after a step in the desired motor position, with H; = 0.

Figure 5.14.: Starting configuration of the robot ed equilibrium configuration (lighter color).
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Figure 5.16.: Energy function (5.29) (blue line) and desired value (black line).

where z(q) is the vertical position and y(q) the orientation of the end - effector which, given the
definition of y(q), is required to stay at a height of 0.8 m from the floor and to keep the orientation
parallel to it. The convergence of y(q) to zero is shown in Fig. 5.15.

The desired value of the energy is switched from H; = 1J to zero in order to show how the
oscillation can be produced and then damped out. Given the definition of y(q), the resulting
motion will be an horizontal oscillation when H; > 0 while the robot will stop at the equilibrium
when H; = 0. The evolution of the energy function is shown in Fig. 5.16. As it can be seen, the
energy is effectively regulated to the desired value, whose sudden variation has no influence on
y(q).

In order to highlight the role of Ky, in Fig. 5.17 and Fig. 5.18 the total kinetic energy and
its two contributions (i.e. the kinetic energy in the constraint space and nullspace) are shown
for Ko = ONms*/ra® and Ko = 30Nms’/rad® respectively. As it can be noticed, in the second case
the kinetic energy in the constraint space converges more rapidly to zero, while the one in the
nullspace increases faster.

Table 8.1 collects the values of all the gains used in the simulation.

Before concluding the section, the control law proposed in section 5.3 is compared to a cascaded
design [Ott08, Chapter 6], in which the desired torque is chosen as in section 4.3. The goal
is to show that, in the latter case, similar performances can be achieved at the price of using
considerably larger gains K; and D;. Obviously, this can compromise the implementation on a
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Figure 5.17.: Total kinetic energy (green line) and its two components, i.e. kinetic energy in the
constraint space (black line) an in the nullspace (blue line), in case Ky = 0.
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Figure 5.18.: Total kinetic energy (green line) and its two components, i.e. Kinetic energy in the
constraint space (black line) an in the nullspace (blue line), in case K, = 30 NmSS/rad3.
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Figure 5.19.: Energy function (4.16) for K; = 10*1/,D; = 1601/s (green line), K; =
1081/, D = 16% 1/ (blue line) and desired value (black line).

real system. In order to obtain a fair comparison the virtual potential U(q) for the control law in
section 4.3 is chosen as

U(q) = Ug(q) +Uc(Ma — @) — Ug(qa) — Ur(Na — qa) (5.41)

where q; = @y (14). With this choice, U(q) has a constrained minimum at g as it is required in
section 4.3 and additionally the real potential of the system is used. The results, shown in Fig. 5.19,
can be interpreted as follows: in the control law proposed in section 5.3, it is not necessary to track
a desired torque to generate the limit cycle, but only to force the system to evolve on a submanifold.
The latter is not varying as rapidly as the one necessary to produce the limit cycle, therefore smaller
gains are sufficient. Additionally, the tracking of the desired torque in the cascaded design has a
more direct effect on the regulation of the energy, since an imperfect tracking will directly result
in the incapability for the system to reach the desired value of the energy.

Table 5.4.: Values of the gains. When only the i - th entry is shown, then the others have the same
value.
Ky, Dy, Ky, Dy,

400 N/m 36 N/Ins 400 Nm/rad 36 Nms/rad

KTi DTi Knl Dnl KH
1600 1/52 64 1/5 100 Nm/rad 16Nm5/rad 0.3 52/kgm2
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5.5. Summary

In this chapter, new control laws for elastically actuated manipulators were proposed. First, a
single joint system was examined. In this case, a static state feedback was designed to allow (by
changing the desired value of an energy function) both regulation to a desired configuration of
the robot and generation of an asymptotically stable limit cycle. When this control law is used
for a multi-joints manipulator, only regulation to a desired configuration is possible. Therefore,
a dynamic state feedback was designed, which allows to produce an asymptotically stable limit
cycle also for a multi-joints manipulator. As the limit cycle is sustained, in both case, by the elastic
elements present in the joints themselves, efficient performances are expected by both control laws.
In the nominal case of frictionless systems, the motors stop once the energy reaches the desired
value, so no power is provided by the motors. On the contrary, classic approaches, being designed
to minimize the effects of the elasticity, aim at producing via the springs the torque disgned for the
rigid case. Finally, since elastically actuated manipulators are underactuated mechanical systems,
intuitively there are not enough control inputs to force the system to evolve on the submanifold and
regulate at the same time the energy to the desired value, as it was done in the previous chapter for
arigidly actuated robot. Loosely speaking, introducing additional dynamics through the controller
allowed to solve this problem. Finally, the stability analysis made extensive use of the semidefinite
Lyapunov theory in order to reduce the system in subsystems easier to analyze.
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CHAPTER 6

Jumping control

In this chapter, the complete underactuated problem is considered. The robot is neither fixed to the
floor, nor rigidly actuated. A bipedal robot is used as case study (see Fig. 6.1). The only simplify-
ing hypothesis that will be used throughout the chapter is to assume that the torque control loop is
reacting fast enough so to not compromise the computations of the balancing part of the controller.
In other words, the torques provided by the balancer guarantee that the robot does not fall, but the
deviation of the torques produced by the springs from the desired ones computed by the balancing
controller must be small enough during the transient not to cause the robot to lose balance. The
assumption is reasonable since the spring torque is part of the state and cannot be instantaneously
changed by any controller. As it has been mentioned, the control law will be composed of a “bal-
ancing part”, whose goal is to guarantee the feasibility of the control law. Loosely speaking, in a
first stage the input to the system will be designed assuming to have full actuation, i.e. including
the wrench at the base. Next, the control forces computed in the previous stage are considered as
desired values and the new control forces are obtained through an optimization problem aiming at
keeping them as close as possible to the desired ones, while satisfying some opportune constraints.
In this second stage, the requirement of having no actuation at the base is included through one of
the constraints.

Although jumping robots are present on the robotic scene since a while (consider for example
ASIMO [SWAT02]), during the years this task has been mainly achieved by quadrupedal robots
for which, obviously, the balancing problem is simplified. Both bipedal and quadrupedal robots
usually use simplified models or offline optimization in order to design force profiles and reference
trajectories [SY05,PPK15]. Few of them include elastic elements in the legs [GCH*13], but it is
not clear how the controller is actively using the springs beside benefit from the improved shock
absorption at the impacts. These are exactly the points on which this chapter focuses.

The contribution presented here is a control law that directly uses the elasticity in the joints in
order to produce a sequence of jumps, while considering the whole dynamic model of the robot.
The resulting jumps are not pre-planned, but a dynamical result of the actions of the springs, whose
torques are shaped trough the control action. To this end, the energy controller for elastically
actuated robots presented in chapter 5 is combined with the balancing controller [HDO16]. As
the latter makes use of the task hierarchy controller [DOAS13,0DAS15], both of them are shortly
presented in the following.
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6. Jumping control

Figure 6.1.: C-Runner: test-bed (left) and simulated model in the initial configuration (right).

6.1. The task hierarchy controller in a nutshell

The task hierarchy controller introduced in [DOAS13, ODAS15] extends the results in [OKNOS]
in order to cope with the different priorities that the tasks of a fixed base manipulator with rigid
joints can have. With an abuse of notation, let y(q) indicate the whole task coordinates, so that
y(q) € R", and let y;(q) be one of the subtasks. Given the mapping

vi = Ji(q)q 1<i<r, (6.1)

assume additionally that each of the Jacobian matrix J;(q) € R™*" is full rank, as well as each
Jacobian matrix obtained stacking any J;(q), then a coordinate transformation similar to the one
in section 4.2 can be considered. Indicating with Jy(q) € R"*" the new extended Jacobian matrix,
then

Ci
¢=1:]|=Ina)d, (6.2)
Cr
where (| = vy, while the others are nullspace velocities {; € R". The latter are designed such that
they represent the original task as closely as possible, but are inertially decoupled from the tasks
with a higher priority level. This new extended Jacobian matrix is invertible, so that

q=Jy'(@)¢ =Y Zi(q): . (6.3)
i=1
where Z(q) = J(q), while for2 <i<r
Zi(q) = Ji(@)M ' Yi(q) . (6.4)
being Y';(q) the classical nullspace projector [SSVOO08] defined as

T +uT

Yilg)=E,— | : : ; (6.5)
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where E, is the identity matrix.

Notice that the case examined in section 4.2 can be retrieved setting y(q) = [le e erfl] ’
and given that y, € R.

Using the new coordinate transformation the system can be written, similarly to (4.8), as

A9)¢+T(q.9)¢ =Ty () (T—9(a)) . (6.6)

where this time the matrices A(q) and T'(q,q) are still block diagonal, but with r entries on
the main diagonal. The same stability property as in [OKNO8] holds for the closed loop system
obtained through the feedback control law

¢ Z\J] ¢

T=g+Jy [T |: |+ : : (6.7)

Cr ZrJrTqbr

where T is obtained from T setting the blocks on the main diagonal to zero and ¢; is a PD term

regulating the task coordinates y; to their desired value y,,. In addition to [OKNOS8], here the
transient response is guaranteed to have no inertial coupling between the different tasks.

6.2. The balancing controller in a nutshell

In [HDOI16] a balancing controller based on the task hierarchy controller was proposed for a
humanoid robot. The goal is to have the CoM of the robot and the hip orientation (CoM task)
in a given configuration in space. The joint configuration should also be as close as possible
to a desired one (posture task). The CoM task together with the posture task completely define
the configuration of the floating base robot. Due to the restrictions imposed to the system by
the contact state, the posture task might not be fully fulfilled. Assuming to have some of the
end effectors of the robot in contact with the environment and some free to move in space, the
requirements are to produce balancing wrenches with the first (balancing task) and an impedance
behavior with the latter (interaction task). The balancing wrenches have to counteract the effects
of all the other task and compensate the gravity, in order to ensure that the base does not need to
be actuated. The four tasks are organized in the task hierarchy as

e balancing task (¢)
e interaction task (¢;)
e CoM task (¢p3)

e posture task (¢4)

where all the ¢; are chosen as PD terms, except for ¢;. The latter is determined through an opti-
mization problem, which guarantees the feasibility of the control law, i.e. it makes sure that each
balancing end effector does not lift off, slip or tilt, as well as ensuring that no forces at the float-
ing base are commanded. In fact, the main difference compared to the task hierarchy controller
in [DOAS13] is that the input w to the system cannot be fully chosen, i.e. uw = [07 7] " The
balancing controller in [HDO16] is designed using a frame attached to the CoM and orientation

given by the hip frame, so that with this coordinates the gravity torque simplifies to [mg 0] . Using
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a quasi-static argument the controller (6.7) becomes

0
[T]:[mgob[.]{ o Jl Y3J7 YuJl ¢, (6.8)

where the property J, N, ZiJ; = Y;J; [DOAS13] has been used and all the forces have been stacked
in ¢. The optimization problem can then be formulated as

T
rgsiln («m - ¢d1) w <¢1 - ¢d1) (6.92)
s.t. mgy+E,0=0 (6.9b)
Smini < fi,L (6.9¢)

| £l < pifi (6.9d)
CoPi(fi) € 7 (6.9¢)
Tinin < Ba® < Tinax » (6.91)

where the cost function minimizes the deviation from a default wrench distribution ¢4, with W
a symmetric positive definite weighting matrix. The equality constraint is derived from the first
equation in (6.8), where

—
=)
— ]

{“"]:[J{ Y07 YaJl Y,JI], (6.10)

from which it also follows
T=E.0, (6.11)

that is the control law applied to the robot. The last inequality constraint is, therefore, ensuring that
the resulting joint torques stay within the limitations of the hardware. Finally, the other constraints
take into account the contact model. There, f; | and f;|| denote the components of the contact
force f; perpendicular and parallel to the contact surface .#;. The unilaterality of the contact is
taken into account by limiting the normal component to f,;,; > 0. To prevent the end effector
from slipping, f; is limited via the friction coefficient y;, while tilting is avoided restricting the
center of pressure (CoP) of each end effector to ..

6.3. A toy model for jumping

The controllers designed in chapter 4 and chapter 5 have been proved to produce an asymptoti-
cally stable limit cycle for a robotic manipulator. The results have been validated in simulations
and experiments (see also chapter 8). Although not formally proven in the stability analysis, the
experiments show that periodicity is achieved even in case of oscillations around the desired value
of the energy, due to unmodeled disturbances. On the other hand, in chapter 3, it was shown that
a form of energy regulation was able to produce a periodic walking pattern for a simulated biped
robot with impacts. The idea behind the use of energy regulation for a jumping robot can be ex-
emplified using a modified 1 - dimensional SLIP model, i.e. the simplest scenario in which the
elasticity and the energy regulation can be combined to obtain a jumping behavior. The system is
represented by a single massless spring connected to a mass constrained to move along the vertical
direction. The model of the system is:

{y‘+g: Kty —k(y—lo) y<lo

s (6.12)
y+g=0 y>ly
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Figure 6.2.: Phase portrait of the toy model for Kj, = 5s/kem? (left) and Kj, = 0.55/kgm? (right).
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Figure 6.3.: Total energy and desired value for Kj = 55/kegm? (left) and Kj, = 0.55/kem? (right).

where H is the total energy of the system, [y the rest length of the spring, k the stiffness constant
and g the gravitational acceleration. In addition, it is assumed that the velocity before and after the
impact are related by a certain coefficient of restitution ¢, i.e. y© = oy .

Depending on the values of o and K}, the different phase portraits are reported in Fig. 6.2.
Firstly, in both cases, the strong asymmetry with respect to x is due to the switching of the dynam-
ics. The discontinuity, instead, is due to the impact. Finally, while with a high K, (left) the system
is able to reach the desired value of energy before the next take off, this is not the case with a small
value of K}, (right). Nevertheless, a limit cycle is reached for which the energy lost at the impact
balances the one injected before the take off. The energy for the two cases is plotted in Fig. 6.3.

Controlling the energy is therefore not only beneficial to exploit the presence of the elastic
joints, but it also provides some kind of robustness against the interaction with the floor. In this
simple example, when the energy is quickly regulated to the desired value, the latter is also directly
responsible for the jumping height. In Fig. 6.4, the actual and desired height are plotted, with the
latter obtained from the desired energy value. For a given energy loss, the maximum reachable
height is limited by the speed at which the energy can be reinjected in the system.

6.4. The jumping controller

The main idea behind the jumping controller is to use the regulation of the energy to produce
the desired oscillatory behavior of a jumping motion, but without taking into account any specific
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Figure 6.4.: Jumping height for K, = 53/kgm? (left) and Kj, = 0.55/kgm? (right).

limitations due to the contact model, similarly to what was done in the previous section. The latter
will be ensured by an optimization problem as in the balancing controller, which redistributes ¢
in order to have feasible contact forces.

As afirst step, a dynamic state feedback controller as in section 5.3 is used for the robot, leading
to

M(z)v+C(x,v)v+g(x) = QTK<77 - q) +Q T+ QT + J]T(ar:)'wf (6.13a)
%+DT%+<KT+KB—‘)+:0 (6.13b)
Bij+ Ky K (d,(n) — q) + Dyn + Ky =0, (6.130)

where, the input function 7, will be designed through an optimization based approach similar
to the one used in the balancing controller [HDO16]. The details of this optimization problem
will be presented later on. For now assume that 7, has been computed and consider the system
conditionally to the convergence of the torque error. Additionally, during the design phase external
wrenches are not taken into account. Therefore, the system to consider for the design of 7, is

M(z)v+C(x,v)v+g'(x) =u (6.14a)
B1’7’+KHFIK<qy(n)—q)+Dn77+Kn77:0, (6.14b)

where u' = [07 TdT]T and

g (z)=g(x) - [K<,;)_ q)] : (6.15)

Similarly to (5.28), v’ is chosen as
Z (g’+J1T¢d1)

u' =Jb | D¢+ : : (6.16)
Z <g/+JrT—1¢dr—l>
0

where ¢, is a PD term regulating the task coordinates y; to their desired value y,,, both still
to be defined in order to make the robot jump. For the last task, ¢4 = O since the projection
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of the spring and gravity torque (which have not been compensated) will be responsible for the
oscillatory behavior. In order to facilitate the derivation of the controller input function 7, it is
possible to rewrite u’ as

EL[ bM
ul = {E]qbﬁ H , (6.17)
with
Z1g/
[iu:|:[j1€1Z1J1T o Iy ZJT {Z“}:JZG I¢+ 25 11 (6.18)
—a a r—19
0

Finally, 7, can be obtained solving the following optimization problem

T
min <¢ - ¢d) w <</> - ¢d) (6.192)
s.t. By +b,=0 (6.19b)
Jmini < fiL (6.19¢)
[ Figll < mifis (6.19d)
CoP(fi) € 7 (6.19%)
Tmin — ba < Ba@ < Tinax — ba (6.19f)

and setting 7; = E,¢" + b,, where ¢* is the optimal solution.

Two aspects still need to be considered: the definition of the constraints and the treatment of the
flight phase. The exact definition of the constraints is strongly related to the robotic system under
consideration and therefore in the next subsection the case of the robot in Fig. 6.1 is considered.
Nevertheless, the choice is always based on similar tasks as in section 6.2, i.e. a task for the
end effectors in contact with the environment, one for those free to move, one for the CoM and
a posture task. Concerning the flight phase, it is important to remember that the CoM dynamics
cannot be influenced by the motors until the next touch down. Similarly, not all the velocity
coordinates can be freely influenced since they have to satisfy the conservation of the angular
momentum. The strategy consists, therefore, in switching the weights of the different tasks used
in the cost function. Depending on the contact situation, a bigger deviation from the desired values
is allowed for one or more tasks in order to satisfy the constraints of the optimization problem.

6.4.1. The C-Runner

The C-Runner, Fig. 6.1, is a two-legged planar robot with linear series elastic actuation. Both legs
are attached to a common trunk and all the segments are connected by revolute joints. The trunk,
thighs and shanks carry the electric servomotors which actuate through a cable drive transmission
system the correspondent joint. The drive axis of the motor and the one of the joint are, therefore,
not coincident. The system is scaled to approximately match the dimensions of a 1.65m tall
human. Table 6.1 shows the segment lengths and masses.

The robot is additionally equipped with torque and position sensors to provide a full state mea-
surement. Also, a ground force sensor is integrated into each of the two silicone half domes
representing the contact points of the foot. They give the possibility to roll over during heel strike
or ball push off. The silicone domes provide elasticity, damping and a high coefficient of friction.
This results in shock absorption and improved traction.
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The trunk is connected to a boom, which constrains the robot to move in the sagittal plane.
Therefore, the link-side configuration of the robot is defined by nine parameters, three for the
trunk and one for each joint. The first task defines the pose of the feet (6 parameters), the second
the horizontal position of the CoM and the trunk orientation (2 parameters), the third and last one
the vertical position of the CoM (1 parameter). A unique link-side configuration exists, which
fulfills all the tasks.

Task one: feet pose The feet pose task is responsible for keeping the feet on the floor during
the contact phase and to reach the landing pose during the flight phase. Inspired by the results
of chapter 3, a constant offset from the CoM can be used for the desired feet position, while
the desired orientation is parallel to the floor. The weights of this task are the lowest during the
contact phase and increase during the flight phase. In this way, during the contact phase, the feet
are mainly used to provide the necessary reaction forces by pushing in the floor. Moreover, note
that since the unilateral constraints in the optimization only allow the feet to press against the floor,
the feet will not lift even if the desired position is above the ground. This task is equivalent to the
balancing task in [HDO16] when there is a contact, or the interaction task when the foot is above
the floor.

Task two: CoM horizontal position and trunk orientation While in [HDO16] the CoM
task was taking into account also the vertical position of the CoM, in this case the latter is used
to produce the oscillatory behavior and therefore removed from the CoM task. The horizontal
position of the CoM is chosen to be in the middle of the support polygon, in order to maximize
the stability margins during static balancing. The weights of this tasks are the highest during the
contact phase, as it is fundamental to prevent the robot from falling. During the flight phase,
instead, the weights are lowered since only the relative position between the CoM and the feet
can be influenced, which is already tackled by the previous task. Finally, the trunk orientation is
equivalent to the posture task in [HDO16], since it is the only part of the link-side configuration
space left free by the other tasks.

Task three: CoM vertical position As in the last task the oscillatory behavior will be pro-
duced, clearly using the CoM height is a good choice for achieving a jump. Assuming that all the
other tasks are perfectly satisfied, it means that the floor will exert a net force on the robot which
is in line with the weight. This is easily justified by the fact that a movement of the CoM along the
horizontal position would be otherwise produced. Therefore, the vertical oscillation will continue
until the energy is high enough to produce the lift off.

A graphical representation of how the weights are updated can be found in Fig. 6.5. Notice that
while the number associated to the task defines how they are organized in the task hierarchy, i.e.
defines the inertial decoupling of the tasks, the weights define which forces the optimization is
more likely to modify from the desired values in order to satisfy the constraints of the problem.

Table 6.1.: Segment lengths and masses.
Segment Trunk Thigh Shank Foot Total
Length [m] 0.276 040  0.40 0.07 1.15
Mass [kg] 2496 546 542 1.31 49.34
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Figure 6.6.: Desired energy (blue) and actual value (black).

6.4.2. Evaluation

The proposed control law is evaluated in simulation. An elastic contact is used to model the
interaction with the floor. Notice that, as a small non constant deflection of the floor will always be
present, this is a challenging condition for the controller. The contact is detected by the controller
when the vertical component of the reaction force is bigger than 4 N. Moreover, in order to match
the implementation of the real system, the torque control loop is replaced by a motor position
loop with high gains ( Kp = 8000Nm/rad, K, = 250Nms/rad), as at the current stage the drive unit
only allows to control the motor in position. This means that the torque 7, is translated into a
desired position 8, by inverting the joint stiffness (set to K = 260Nm/rad), i.e. O; = q + K~ '7,.
The values K, for each PD term are listed in Table 6.2, while the correspondent coefficient of the
derivative action was always chosen using a damping ratio of 0.7.

Table 6.2.: Coefficients for the proportional action of the PD terms.
Task one  Task two
Linear ~ 625N/m  2025N/m
Angular 4 Nm/rad 100 Nm/rad

Starting from the initial configuration shown in Fig. 6.1, corresponding to the equilibrium, the
desired energy is ramped up and then down as shown in Fig. 6.6. The plot also shows the real value
of the energy. Notice how, although a negative value is asked for the energy, the minimum reached
value is zero. The computation of g,(7), as mentioned in section 5.3.3, is performed using the
current value of y(q), which ensures that there are no offsets in the energy due to the interaction
with the floor.

Concerning the evolution of the energy, an imperfect convergence to the desired value was
expected if for no other than the presence of the impacts, as seen in section 6.3. It should be

97



6. Jumping control
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Figure 6.7.: Vertical position z, of the CoM and height z; of one of the feet.

mentioned that there is no special requirement of reaching the exact desired energy, as long as the
desired jumping behavior is obtained. If a higher jumping height is requested, one might increase
the desired value of energy and/or the gain K}, within the limits set by the hardware.

The resulting jumping height of the CoM is reported together with the height of one of the two
feet in Fig. 6.7. As it can be noticed, the robot starts from the equilibrium configuration, then the
jumps are performed according to the increased desired energy and finally stops again when the
energy goes back to zero.

Finally, in Fig. 6.8 one can see three entries of the input and output of the optimization problem.
All the desired values of the PD terms are well tracked when the robot is at a rest or making small
oscillations, except for the vertical force of the foot. The mismatch is actually the sign that the
optimization is working properly, although one might think exactly the opposite. When the robot
is at rest on the floor, the desired PD term is zero since the foot is exactly stopped at the required
height. Nevertheless, the optimization ‘“knows” that the gravity needs to be compensated and, as
the foot task has a low weight in the cost function, commands the robot to push into the floor. On
the other hand, when the robot starts jumping, in all the plots there are phases with big deviations.
This is again a consequence of the constraints; in particular the PD terms for the trunk orientation
and the CoM horizontal position (bottom two plots in the figure) are well tracked only during the
contact phase, while the one for the height of the foot (top plot in the figure) is tracked better
during the flight phase. This is in accordance with how the weights are chosen in Fig. 6.5. The
touch down events can be easily recognized by the jumps in the plots.

6.4.3. Discussion and limitations

The main differences between the control law presented in this chapter and the ones in chapter 5
consist in the presence of the reaction wrench due to the interaction with the floor and the use
of the optimization problem to guarantee the feasibility of the control action. The latter, although
necessary from a practical point of view, is clearly limiting the possibility of considering a stability
analysis. A possibility to still ensure the stability of the system might be to only scale the desired
forces without changing their direction and orientation, although this increases the complexity
of the optimization problem itself. Nevertheless, the use of optimization has been proven to be
effective in practise and it is the state of the art for legged robotics (see section 1.1). If the result
of the optimization is close enough to the desired values and at least for one foot the contact
with the floor can be considered rigid with good approximation, similar passivity arguments as
in [DOAS13] hold.
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Figure 6.8.: Values of ¢ for the height of one foot, the orientation of the trunk and the horizontal
position of the CoM (from top to bottom). The desired values are in blue and the real
in black.

Finally, the jumping controller can be used as core for developing additional locomotion pat-
terns. Crucial in these cases becomes the role of planning and the presence of a higher level
supervisor. The position of the feet not in contact with the floor is, in fact, paramount for a suc-
cessful stride. Chapter 7 provides some preliminary results for this aspect. At the same time,
a state machine has to orchestrate the sequence of different phases, i.e. double support, single
support or flight phase. This topic has not been covered in this work. In the current state, only
the horizontal position of the CoM relative to the feet is controlled and, therefore, the robot can
change position with respect to the inertial frame.

6.5. Summary

In this chapter, the energy controller for elastically actuated manipulators presented in chapter 5
was incorporated in an optimization framework (originally thought for balancing porpoises), in
order to realize a jumping pattern. A toy model was used to motivate the use of energy regulation
to achieved the desired jumps, showing that energy regulation is not beneficial just to exploit the
presence of the elastic joints. The controller was evaluated in simulation using a planar biped
robot, which shows the effectiveness of the controller and a behavior similar to the toy example.
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CHAPTER /

Improving the flight control

The content of this chapter is devoted to provide directions for designing ad hoc controllers to be
used during the flight phase. As a consequence the considered robot model is the one of a rigidly
actuated robot with a free floting base and no contacts. This kind of scenario is typical in space
robotics. In that field, the results presented in [UY87, UY89], where the generalized Jacobian
matrix was introduced for the first time, are often used. The idea is to replace the floating base
velocity in the computation of the end-effector Jacobian matrix with the generalized momentum
of the system which, in case of space operations, is often zero or at least constant. This allows to
obtain a simpler expression, i.e. the generalized Jacobian matrix. Therefore, controller based on
the generalized Jacobian matrix rely on the assumption of no generalized momentum in the system,
which is easily fulfilled in space operation but unrealistic for humanoid robots due to the gravity.
On the other hand, even during space operations momentum is accumulated in on-orbit servicing
scenarios where contacts are involved. Additionally, typically humanoid robots are also redundant
for the prescribed task. Strategies to cope with the presence of both a varying momentum and
a nullspace need, therefore, to be considered. Although the proposed controller takes explicitly
into account the dynamics of the generalized momentum, inevitable limitations are present due
to the impossibility to influence such dynamics. The presence of dynamic singularities is another
limiting factor. Unlike for the fixed based case, these singularities are path dependent [PD93] and
further complicate the trajectory planning phase.

The controller can be applied, for example, to guarantee the convergence of the feet to the de-
sired poses before the next impact with the ground or in a space mission where a robot manipulator
is attached to a satellite in order to perform some manipulation task. The latter case is considered
in a simulation study in section 7.3 and depicted in Fig 7.1. The contribution of this chapter is
the design of a control law for regulating the end effector of a floating based robot in presence
of nonzero generalized momentum. Although the controller is considered for a satellite with a
robotic arm, it can be seen as a first result towards improved control of the feet of a humanoid
robot during the flight phase. A satellite, in fact, shares the same structure of the dynamic model
as a humanoid robot, but the absence of gravity simplifies the problem.
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Figure 7.1.: Scenario and reference frames.

7.1. The generalized Jacobian matrix

Since the generalized Jacobian matrix relies on the conservation of the momentum for its deriva-
tion, it is clear that using the transformation presented in section 2.2.2 can easily lead to its expres-
sion. That formulation, in fact, implicitly contains the concept of generalized Jacobian matrix. Let
v, be the end-effector body twist and J,(x) the associated Jacobian matrix, so that using (2.33) it
follows

Ve =J.(x)v= Je(m)Aél(m)E ,

expressed in terms of both the old and new coordinates. If h = 0, taking into account the expres-
sion of Aél (x), the previous expression simplifies to

v, = J.(z)q Jo(x) = Jo(2)Q ™ (x) .

Partitioning the inertia matrix and the end-effector Jacobian matrix to separate the role of the
floating base from the joints, i.e.

w142 28]

the following expressions are obtained by direct computation

Qv (x) = [_Mblgch(w)]

Jo(x) = Joy(z) — Jop(z) M, () M, () , (7.1)

Jo(@) = [Jop () Jeq()]

where E, is the n; X n, identity matrix and (7.1) is the well know definition of generalized
Jacobian matrix introduced in [UY87,UY89].

7.2. Momentum decoupling control

The regulation problem of the end - effector of a free floating base robot is addressed, although the
control law is not aiming at providing a solution for an indefinitely long flight phase, as it will be
made clearer in section 7.2.4. Throughout the derivation of the controller it will be assumed that:

Assumption 7.1. The generalized Jacobian matrix J, has no singularities for q € Q.

The design of the controller also relies on the coordinate transformation presented in the fol-
lowing.
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7.2.1. Coordinates transformation

The generalized momentum h, as it was introduced in section 2.2.2, can be expressed in any frame
once it has been transformed by the appropriate adjoint matrix. In particular, using the partitioning
of the matrices in section 7.1, the generalized momentum can be factorized as

h=A(&,qv=Ad., (&)J," [M, M]v, (7.2)

where & is a local set of coordinates [Ott08] for the position p. . of the origin of the end effector
frame e expressed in the CoM frame and the rotation matrix R, . of the end effector frame w.r.t.
the CoM frame (i.e. a frame attached at the CoM with orientation given by the spatial frame).
Consider first the case of a not redundant manipulator attached to a floating base. The matrices
A and J, can be used to perform a change of coordinates that, as in section 2.2.2, highlights the
dynamics of the generalized momentum. Assuming to have no singular configurations and using

h A
|:Ve:| = |:Je:| v=Wo, (7.3)
the coupled end effector/momentum dynamics is
A Ape h Ly Tpe h Yh -T T
= ‘P . 7.4
|:AZ€ Ae U, + Feh Fe Ve + Ye Q T ( )

In section 2.2.2 the joint dynamics was shown to be inertially decoupled from the generalized
momentum, while in (7.4) the end effector/momentum dynamics is fully coupled. However, it can
be proven that inserting the second equation of (7.4) into the first, the momentum equation results
in h = 0. This is in agreement with the physical fact that any internal forces 7 cannot cause an
increase in the generalized momentum of the total system.

In the more general case of a redundant manipulator, a nullspace velocity v, can be introduced
in order to get a square transformation matrix W y:

h

v
v, | = [N} v=Wyv, (7.5)
vy,
where IV is a dynamically consistent nullspace matrix defined using a nullspace base matrix Z.
Partitioning the latter as Z = [Z), Z,|, from the condition ¥ Z” = 0 follows that

{Adcg J," M, Ad;] J(;,TMC} {be } 0o

—
5 7 zr = J.zI =0, (7.6)

i.e. Z, is a nullspace base matrix for the generalized Jacobian matrix J,. The inverse transfor-
mation W' = [¥*#  ZT] can be obtained by direct computation of the weighted pseudoinverse
as

T T T M TG AT, M MJS Z]

eq e : 7.7
—J " T M T AdL, J z! 7.7)

vl =

o P UV
being J =N I <J€M 1T ) the weighted pseudo-inverse' of the generalized Jacobian

matrix je with a weight matrix M = M, — MCTM;,MC. This inertia matrix is commonly in-
dicated as generalized inertia matrix of the free-floating arm [YSKU92] and, as the generalized
Jacobian matrix, can be obtained with the coordinates transformation used in section 2.2.2. Indeed,
it coincides with the matrix A, defined there, as it can be shown by direct computation using the
block partitioned matrices.

"Notice that for not redundant robot the pseudo-inverse matrices reduce to the inverse matrices.
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7. Improving the flight control

7.2.2. Design of the momentum decoupling control

Given the expression of \Ilg,l in (7.7), one can introduce the generalized nullspace matrix N

. o -1 y
defined as N = (ZqMZqT) Z,M., so that the choice

r=J'f.+NTf,, (7.8)

leads to a closed loop system that after the coordinate transformation, can be written as

’:L h —Adc,e Jebe_IJeYI;.fe
A, |+ v, | +vy= Ie , (7.9)
Uy, Un I
where
Ay, Ape O 'y, T Ty Y
A= A}{e A, 0 I'=| T L. | I Y= |
0 0 A, -r] -rl T, Tn

For a free-floating robot the transposed of the generalized Jacobian matrix and the transposed
of the generalized nullspace matrix are used for the end effector force and the nullspace force
respectively. In (7.9) the nullspace dynamics is inertially decoupled from the rest, which is a
consequence of choosing a dynamically consistent nullspace matrix. However, the system is still
fully coupled in the Coriolis/centrifugal matrix. Finally, similarly to the not redundant case, by
rearranging the equations it is possible to show that the generalized momentum changes only due
to the gravity.

The control objective is to define the new control inputs f, and f;, in order to cancel the effects
of the generalized momentum h and further decouple the end effector and nullspace dynamics
in order to show convergence of the end effector to the target pose and damping of the internal
motion. Given the hypothesis of considering the robot only during the flight phase, the expression
of h can be considered known without requiring measurements of the external forces and torques.
It is enough to know the total mass of the robot and the direction of gravity. The generalized
momentum can also be assumed to be known once the complete velocity coordinates of the robot
are measured. A momentum decoupling law is given by

f.=Tuh+Tv,—J K.& — D, (7.10a)
fn=Twmh+T,v.— Dyv,, (7.10b)

where K, D, are symmetric positive definite matrices and Ji, (&) is the representation Jacobian
[Ott08] which correlates the error derivative & and the end effector twist v, i.e. & = Ji (T ).

7.2.3. Analysis
The closed loop end-effector and nullspace equations are
Au(q)we + <F€(q,£)+D)ue+J§w(;?;)Kj ~0 (7.11a)
Av(@)0n+ (Ta(a,€) + D, )0, =0, (7.11b)
where for brevity & = [pT v v]]T.

With the aid of the results in [MMO7] and given the expression of the dynamic matrices in
(2.17), the following proposition is given
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7.2. Momentum decoupling control

Proposition 7.1. There exist positive constants Ax min, Armaxs ¥o> Ye,» Y, Such that for all q € Q,

EeRY
)'A,min < ||A(q)|| < )*A,max (7123)
IT(q,8)l < wléll (7.12b)
IT(q, &)1l < %, 1€+ %, 1€]] - (7.12¢)

In order to analyze the asymptotic stability of the system (7.11), it is useful to rewrite it as the
time-varying system:

= Jio (), (7.13a)
A0, + (re(z) + Dx> Ve + JL (2) K& =0 (7.13b)
A ()0 + (rn (1) + D,,) v, =0, (7.13¢)

where the dependency on g has been replaced in favor of an explicit time dependency, with state
variable x = [&" v/ 'v,ﬂT.

The analysis will be conducted using the function
Lo T ~T - =
Vi) = 5 (W Altve+v) An(0)o, + 3T Ko@) (7.14)

which is positive definite and decrescent, since it is lower and upper bounded respectively by two
positive definite functions V,,,(x) and V. (Xx). Denoting by A4 i and A4 e, the minimum and
maximum eigenvalue of a matrix A, the latter functions are given by:

1

Vmin(X) - 5 <7LAe,min HVeH2 + ;LA,hmin H'UnHZ + ;LKX7min H‘%H2> (715)

1

Vmax(X) - 5 <7LAe,max HV6H2+7LA,,,max H'UnHZ"i_;LKX,min HjH2> . (716)

Differentiating V (¢,x) w.r.t. time, one gets V (¢, x) = —v! Dv, —v! D,v, <0, i.e. it is a negative
semidefinite function. The function V (¢, x) is used to show the stability property and convergence;
furthermore allows to define a region in which quantities of interest are bounded. This is formal-
ized in the following lemma.

Lemma 7.1. If q € Q, then there exists a set Q such that the state 'x, the accelerations v,, v,, and
the matrices A(t), I'(t), Jzw, Jxo are all bounded.

Proof. Given the positive definite function V (z,x) in (7.14) and a constant V;, > 0, define the set
Q= {x:V(x) < Vy}. Considering that V(¢,x) < 0, it follows that there exist c{,c,c3 > 0 such
that Vx € Q

2] < e Ve < c2 [oall <e3. (7.17)

Without loss of generality, assume to use a quaternion representation for the rotational part of
the error &, then

[T50(2) ]| < u 150 (@)]| < paleel (7.18)

with uy, up > 0.
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7. Improving the flight control

Using (7.18) and (7.17), the bounds for the end-effector and nullspace accelerations 2, and v,
are:

el = 1l = AL (Te+ D v = A T K| < 4 (7.192)
[Bn]l = [| = A, 'Thvn — A, ' Dy, || < cs, (7.19b)

with ¢4,c5 > 0.
The bounds for A, and I', are obtained considering (7.17), (7.19)

[Acl = IITe+Tg ] < co el <e7.
O

To show the convergence, Barbalat’s Lemma is used and it is reported here for convenience
[SLO1].

Lemma 7.2 (Barbalat’s Lemma). If a differentiable function f(t) has a finite limit as t — oo, and
is such that f exists and is bounded, then f(t) — 0 ast — 0.

Proposition 7.2. If x € Q and Assumption 7.1 holds, then x = 0 is an asymptotically stable
equilibrium point for the system (7.13).

Proof. Using the time-varying Lyapunov function V (z,x), with V(¢,0) = 0, one concludes that
x = 0 is (uniformly) stable. Convergence can be proved by means of a double application of
Barbalat’s lemma. The first time, Barbalat’s lemma is applied on V (¢, z) to show the convergence
of the velocity. To this end, it is necessary to show that V (¢,%) is bounded along the flow of the
system. Applying Lemma 7.1, it exists a set Q where v,, ©,, v,, 0, are bounded and, accordingly:

V(t,2)| = | —2v] D\, — 20] D,0,| < 2c2¢4Ap, max +2¢3¢5AD, masx (7.20)

where ¢y,c3,c¢4,c5 > 0 are respectively the bounds of v,,v,,v,,v,, as derived in the proof of
Lemma 7.1. Applying Barbalat’s lemma on V (¢, z) it results V (¢, z) — 0 and accordingly v, — 0
and v,, — 0, i.e. the end effector and nullspace velocities converge to zero.

The second time, Barbalat’s lemma is applied on v, to show the convergence of ©,, which is
then used to show the convergence of the error &. To this end, consider ., which can be obtained
differentiating (7.13b):

A, + <A€ 4T, + Dx> o, + (re + JfTwKme> ve+ JI K% =0. (7.21)
Considering Lemma 7.1, also ¥, is shown to be bounded

el < 1A (|Ae + Te + D[ |Ze]| + 1T + Toy K Txo || Ve | + | T K| |1E]]) < cs
(7.22)

with cg > 0. Applying Barbalat’s Lemma on v,, it follows that ©, — 0. The convergence of the
end-effector error & can be finally shown considering the limit of (7.13b)

lim [Ae(z)pe + (re + Dx) v+ JL () K,&| =0, (7.23)

t—roo

from which it follows that & — 0. Therefore, after using Barbalat’s Lemma twice, the whole state
X converges to zero. O
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7.3. Simulation results

Table 7.1.: Parameters of the free-floating robot.
[m] mlkg] Llkem?’] I[kgm’] I [kgm’]

Base 1.17 375 165 280 250
Link1 0.17 5.1 0.03 0.03 0.03
Link2 1.3 18.8 1.65 0.64 1.65
Link3 0.17 89 0.15 0.03 0.14
Link4 13 12.0 0.25 0.03 0.25
Link5 0.17 11.7 0.26 0.03 0.26
Link6 0.1 5.5 0.02 0.02 0.03
Link7 O 4.7 0.02 0.01 0.01

7.2.4. Limitation of the control law

From the inverse of the momentum transformation (7.5) it is possible to see that, while the end
effector and nullspace velocities go to zero, the coupled base-joints motion continues to evolve as
a consequence of the nonzero generalized momentum h:

vy — I Jogde " T M, T AL B (7.24a)
G— —J. " T M, T AdL R (7.24b)

Additionally, the convergence of the end effector is guaranteed only when the singularities of
J.(q) are avoided. However, in presence of initial momentum, the singularities could be encoun-
tered also when the end effector has converged, due to the highlighted persistent joint motion.
Considering, for example, the case when the system has a linear momentum, the joints will nec-
essarily reach after a certain time a singular configuration. This result, observed also in [NP11],
is a natural consequence of the fact that it is not possible to control the end-effector in the inertial
frame for an indefinite time if the whole system is moving in space with a linear velocity. On
the other hand, in the case of only angular momentum, singularities could be less problematic,
however the robot will likely converge to joint limits, due to the persistent joint motion induced
by the angular momentum.

In conclusion, until a singularity is reached, the error will continuously decrease due to the
proven convergence properties. In this way, in a space mission, the required end-effector precision
could be ensured during the time of the gripper closure. Additional measures need to be taken
to avoid entering the singularities, for example by activating the satellite thrusts. For a humanoid
robot, instead, the next contact phase will be used to readjust the uncontrolled variables. From a
theoretical point of view, the controller has no assumption on the maximum amount of momentum
that can be handled, however the higher the momenta, the shorter the time to singularity will be.

7.3. Simulation results

In order to verify the proposed control method, a seven degrees-of-freedom free-floating robot in
presence of linear and angular momenta is simulated. The kinematics and dynamics parameters
of the robot are defined in Tab. 7.1.

The initial joints configuration is g(0) = [O 1.047 0 —1.047 0 0.52 0] ! rad, as schemat-
ically depicted in Fig. 7.1. The initial linear and angular momenta are due to the initial linear veloc-
ityw,=[=2 1 53]" 1073 m/s and angular velocity wj, = [~3.5 —57.6 3.5]" 10 ?rad/s of the
base. The desired pose of the end-effector differs from the initial one of Ap =[—0.035,0,—0.03]m
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7. Improving the flight control

for the position and of A¢ = [0,0.087,0]rad for the orientation. The proposed controller is com-
pared against [MMARS9]:
T=-J! (Jl,K:z+D.v,) , (7.25)

where no compensation of the generalized momentum is used. The stiffness and damping values
are respectively K; = 165N/m, D, = 175Ns/m for the translation, K, = 20Nm/rad and D, = 20Nms/rad
for the rotation. The norm of the end-effector position error is shown in Fig. 7.2 for both con-
trollers. The results show that for the proposed control the end-effector converges to the desired
position. On the other hand, a deviation on the end-effector is induced in case that the momentum
compensation is not used. In general, this deviation is time-varying and its magnitude depends
on both the initial momentum and on the particular maneuver commanded to the robot, since

Feh — Feh(Q(t))~

Lo PD
Proposed control

w
5
T

Endtip position error (norm) [mm]
5 & 8 ¥

o
T

o

0 0.5 1 15 2 25 3 35 4 45
Time [s]

Figure 7.2.: Norm of the end effector position error for PD control and for proposed control.

The joint angles and base attitude are shown for the proposed control respectively in Fig. 7.3
and Fig. 7.4, where it is possible to notice that the joints and base motion continues to evolve while
the end-effector remains fixed, as a consequence of the presence of momentum.
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Figure 7.3.: Joint angles with the proposed control.

The convergence of the nullspace velocity v, can be observed in Fig. 7.5, showing the effec-
tiveness of the nullspace control.
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Figure 7.4.: Attitude of the base.
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Figure 7.5.: Nullspace velocity with the proposed control.

Since the proposed control is based on the online dynamic model of the space robot, uncer-
tainties in the dynamics parameters are introduced, in order to test the robustness. The proposed
controller has been tested with 20 randomly generated models, considering for each body 10%
uncertainty in the mass and 40% uncertainty in the inertias and in the CoMs. Fig. 7.6 shows
an envelope of norm of the step response of the proposed controller with the uncertain models.
The results show that the controller is robust considering dynamics parameters uncertainties and a
worst-case deviation of 3.5 mm from the nominal behavior is obtained.

7.4. Summary

In this chapter, the dynamics of a free-floating system in presence of linear and angular momenta
was investigated. It was shown that the presence of the momentum introduces a drift on the end
effector with standard methods, therefore a torque control law has been proposed in order to com-
pensate this effect without feedback linearizing the system. For the proposed controller, a the sta-
bility proof was given under the hypothesis of non-singularity of the generalized Jacobian matrix.
The effectiveness of the control has been tested in simulation considering model uncertainties.
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Figure 7.6.: Envelope of step response (norm) of the end effector for the proposed controller for
20 uncertain models.
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CHAPTER 8

Improving the robustness

The problem of coping with uncertain models has been widely studied in robotics both from a
robust control point of view [SLT92, CX99, PF99, PVAL'03] and from an adaptive control point
of view [SL87,0S88, SHI0]. The contribution of this chapter is the design of a feedback control
law to produce closed attractive orbits for fully actuated robots with unknown disturbances, which
can be modeled using a regressors matrix, e.g. torques due to friction. This extends the results of
chapter 4 where the ideal frictionless case was considered. The idea is once again to impose n — 1
constraints to the system and generate an attractive path for the “remaining dynamics”. Since the
design of the controller is carried on in two independent steps, the friction compensation cannot
be achieved with standard techniques. As for the control design, also the friction compensation
will be taken into account in two different steps. To this end, the part of the controller responsible
for forcing the system to evolve on a 1 - dimensional submanifold of the configuration space is
modified using a sliding mode approach as in [PVAL 03], which is robust to model uncertainty
and guarantees asymptotic convergence. For the “remaining dynamics”, on the other hand, it is
not as straightforward to apply a sliding mode approach. For this reason, in the nullspace an
adaptive approach is used to compensate for the disturbance as in [SL.87]. Crucial for the analysis
is the concept of conditional attractiveness with semidefinite Lyapunov functions to show the
attractiveness of the closed orbit of the whole system.

8.1. The adaptive control in a nutshell

The adaptive tracking control law presented in [SL.87] is given by a feedback term proportional to
the sliding variable s (which is a linear combination of the velocity and position tracking errors)
and a feedforward term which uses an estimation of the unknown parameters. Given a positive
definite matrix P, the estimation is computed using an adaptive law which renders the positive
definite function

I
Ve=5 (s"M(q)s+#" P '7) , (8.1)

a Lyapunov function, where 7t = @ — 7r is the error between the estimated and real parameters. In
particular, the estimation is updated as

7,:\‘- = —P}frT(q’q,q}”q}’)s > (82)
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IRobot

> (8.6)
: :
v

7t
j%@ (8.2)
Controller

Figure 8.1.: The adaptive Slotine - Li control. The matrix K is positive definite and diagonal.

where Y, is the Slotine - Li regressor and g, = ¢ — s. The control scheme is as in Fig. 8.1.

8.2. The dynamic sliding PID control in a nutshell

The dynamic sliding PID control [PVAL 03] uses, as the control law in [SL87], a sliding variable
s. Nevertheless, unlike in [SL87], the control input is not chosen in order to obtain an asymp-
totically stable dynamics for the sliding variable, but to obtain a stable dynamics in terms of the
output s, of the dynamic system

8q = —KSy (8.3a)
6 =sgn(3) (8.3b)
s, =Q,0+35, (8.3¢)

with § = s — s, being s the input and s, o the state. The latter is initialized as s, (1) = s(tp), i.e.
the value of s at the initial time 7y, and o (fy) = 0. Finally, k¥ > 0, Q; is a positive definite diagonal
matrix and sgn(a) = [sgn(a;)...sgn(ay)] " fora e R Using a control input proportional to s,
as it is shown in Fig. 8.2, and given some bounds for the terms present in the dynamic model of
the robot, it is possible to prove the boundedness of s, and $,. The latter allows to conclude that a
sliding mode is established for all time on the error variable 5. To this end, the following second
order dynamical system defined by (8.3)

§=—Qsgn(3)+ s, , (8.4)
together with the Lyapunov function
|
Vs = 53 s, (8.5)

are used, since they imply the sliding mode condition 37§ < —pu|3|, u > 0 [Utk92]. In this way,
the tracking errors are constrained to evolve on a submanifold that has an exponential solution
toward zero [PVAL03].
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Figure 8.2.: Dynamic sliding PID control. The matrix K is positive definite and diagonal.

8.3. Energy regulation with friction compensation

As in chapter 4, a function y(q) is introduced that defines a 1 - dimensional submanifold. Addi-
tionally, a virtual potential function U(q) is chosen, such that it posses a constrained local mini-
mum at g4 on the submanifold. In section 4.3.1, it has been shown that in this case y(qs) = 0 and
n(qqs) = 0, where n(q) := Z(q)V4U(q). The control law derived here relies on the coordinate
transformation presented in section 4.2. As a consequence, a perfect knowledge of the system
matrices is required. The main reason for this is that the inertia matrix of the robot is required in
order to compute the nullspace projector IN(q). Therefore, the considered uncertain model is

M(q)i+C(q,q4)4+9g(q) =T+, (8.6)

where 7, € R" are unknown torques acting as a disturbance. Additionally, the following properties
are assumed

Assumption 8.1.
Tr=Y(q.q)m (8.7)

where w € R? is a constant vector of unknown parameters and Y (q,q) € R"*? is the so called
regressor matrix, whose entries, on the contrary, are assumed to be known.

Assumption 8.2.
[ 7¢[| < B llall + B2l + B3 (8.8)
where B, B, B3 € R are positive scalars.

Viscous and Coulomb friction, as well as constant torques and Cartesian forces, are classical
examples of disturbances that can be modeled in this way.
According to the dynamic sliding PID control, the sliding variable is defined as

s=vy+ Dyy, (8.9)
and the nominal reference as
Y, =y—8=—-Dsy+s;— Q0 , (8.10)

being s, the output of the system (8.3). Given the system (8.6) with Assumption (8.1) - (8.2), let
Ky, x € R be positive scalars, Dy, K, Qs € RO=Dx(n=1) positive definite diagonal matrices and
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P € RP*P a symmetric positive definite matrix, then the proposed nonlinear controller is (omitting
the dependences)

T=g+Jy ([_g){n Fg”] m + HD : (8.11)

where
Fo =AM+ T2y — Ky, (8.12)
fo=—KuyHv+Z (Yfr - qu) . (8.13)

Using the state vector x = (q,4,v, 84,0, 7 ), the closed loop system is:

g=JMy+2Z"y (8.142)
As, + <1“x + Ks) s, =JMTyr (8.14b)
A+ (Fn +KHF1>V Y ZVU =ZY # (8.14c)
4= —Ksy (8.14d)
& =sgn(3) (8.14e)
#=—-PYTZ"Hy, (8.14f)

where the signals s,, $, and s are functions of the state only.

Theorem 8.1. For any H; > 0, the nonlinear autonomous system (8.14) has bounded solutions
locally converging to a closed attractive orbit defined by

Za={x|H=0y(@)=y=05,=00=0" =%},
for some constant o*, &% satisfying the conditions

. <rx n Ks) Q0" =JTYx

. vZY(fr*—n-) ~0.

Proof. The proof is based on Theorem A.3 formulated in appendix A.

Using the positive semidefinite C' function of the state (8.5), it is shown in [PVALT03] that
o ={x|y(q)=y=0,s,=0,0 =0} is the largest invariant set within E = {x | V; =0}. In
the proof the derivative of V; along the flow of the system is computed, leading to

Vi=5"5=—-5"Q,sgn(3)+3"s,. (8.15)

Given Assumption (8.2) and choosing K big enough it is possible to show that $, is bounded.
If the minimum eigenvalue of Qs is also chosen big enough, then the sliding mode condition
375 < —u|3|, with u > 0, is enforced for all time. From that the convergence of & to zero follows
and, given its expression, also the convergence of y(q) and y. Therefore, <7 will be the largest
invariant set within E, with (I‘x + Ks) Qo0 =J MY,

If .Z; can be proven to be invariant for (8.14), attractive conditionally to .7 and that the solutions

are bounded, then all the requirements of Theorem A.3 are satisfied and .Z; will turn out to be
attractive for the whole system (8.14). To show the invariance of .Z, it is enough to show that it
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is invariant conditionally to .7, since the latter is itself an invariant set. To this end, consider the
system

Gg=2"v (8.16a)
A+ (Ca+ Kl ) v+ ZVoU = ZY & (8.16b)
#=—-PY"Z"Hv, (8.16¢)

with y(q) =y = 0, i.e. (8.14) conditionally to .<7. Computing the derivative of H along the flow
of (8.16), results in

H=—-Kp*H+vZY 7, (8.17)

which, together with (8.14f), shows that H and #* will not change when starting from .%;. To
prove the attractiveness, the following positive definite function is used

(A*+#"P 'xw) | (8.18)

with derivative V, = HH = —Kyv?H? < 0. Boundedness is therefore satisfied by the use of non-
increasing functions. From LaSalle’s invariance theorem, one can conclude that the positive limit
set £, is given by the largest positive invariant set M,, within the set E, = { x|v=00rH = 0},
i.e. the set where V,, = 0. Beside %, M,, contains also equilibrium points satisfying the condition
n(q*) = ZY 7. Starting close enough to .Z; so that the solutions are bounded in a neighborhood
of £, that does not contain any equilibrium points, they will approach £ as t — oo. Finally,
%y is uniquely determined by one parameter, e.g. the value of n(q), and therefore it is a closed'
attractive orbit in the state space. U

8.3.1. Controller discussion

The proposed control law, as the methods it is based on [PVAL'03, SL87], cannot guarantee
asymptotic stability because no stationary value can be known a priori for o and 7. These variables
are part of the state of the closed loop system together with the original state of the robot. The
latter will always locally converge to a state satisfying the conditions: A = 0 and y(q) = ¥ = 0,
as expressed in Theorem 8.1. As a result, the physical states of the closed loop system, i.e. the
state of the robot, will always converge to the same values.

The torque generated by the controller, as shown in Fig. 8.3, is due to three contributions: a
dynamic reshaping of the system, the torque provided by the sliding mode part of the controller
and finally the one generated by the adaptive part. The last two are dynamically decoupled and
responsible for forcing the system to evolve on a 1 - dimensional submanifold and for creating the
attractive closed orbit respectively. The dynamic reshaping part of the controller compensates for
the gravity torque and the coupling terms in the Coriolis matrix.

In the analysis it is required that y(q) and y converge to zero. Therefore, a chattering free
sliding mode approach is a perfect candidate for the task. On the other hand, a sliding mode control
cannot be used for the zero dynamics. Although the energy error can be used as sliding variable
with relative degree r = 1, after differentiation the control input would not appear multiplied by the
sliding variable itself, as it is for example in [SL87]. An adaptive method can be used in this case.
It is also clear that, once it has been chosen to adapt the parameters in such a way that convergence
is guaranteed for the zero dynamics, the same parameters cannot be adapted with a different law

Tt can be seen as the level set of a positive definite and radially unbounded function.
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to guarantee the convergence to the constraint submanifold. In other word, it is possible to design
the adaptation law for one of the two subparts of the controller. This explains why an adaptive
approach has not been used also to enforce the constraints.

8.4. Experiment

The proposed control law is evaluated in an experiment with the humanoid robot TORO described
in [EWO™14] and developed at the German Aerospace Center (DLR). The robot has 27 degrees
of freedom with a height of 1.7m and a mass of about 77.5kg.

Friction model It is assumed that the unknown torques 7 in (8.6) can be expressed as

7 = diag(f,)g + diag(f,)sgn(q) , (8.19)

where f,, fs € R" are the vectors of the unknown coefficients of the viscous and Coulomb friction
respectively. The previous torques can be expressed using

Y = [diag(q) diag(sgn(Q))] ) ™= [fvT fsT]T

Desired configuration and constraint function In this example the constraint submani-
fold is given directly in the joint space. TORO is using its legs to maintain balance, while the 12
joints of the arms are forced on a 1 - dimensional submanifold defined by the constraint function

yi(Q):CIi_Qd,-—CIc,- i:27"'712’ (820)

where g, is used to couple the elbow joint of the right arm to the first joint of the shoulder of
the same arm, i.e. g., = 5¢; while the rest of the entries are zero. Finally g, is chosen to be
the desired configuration shown in Fig. 8.4. It is worth to notice that choosing g4, = 0, then the
condition y(gy) = 0 is satisfied.

Potential function A simple choice for the virtual potential is given by

1
U(q) =5anq—quz, (8.21)

where k, = 40Nm/rad. U(q) so defined is clearly positive definite on the 1 - dimensional submani-
fold and with its minimum at q.
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Figure 8.4.: Desired configuration.

Results Given the definition of y(q), the resulting motion will be an oscillation similar to a
handshake in which the first shoulder joint works as limit cycle generator with the elbow joint
coupled to it, while the remaining ones will keep the desired position.

In order to highlight the role of the friction compensation the gain Ky is set very low (Ky =
5s/rad?). Because of that, the convergence of the energy error is poor and, in case of no compen-
sation, the friction is the predominant effect and no oscillation is achieved, although the robot is
pushed three times by the experimenter. The plot of the energy is shown in Fig. 8.5, where the
three high peaks correspond to the three interactions between the robot and the experimenter. On
the other hand, using the friction compensation, the energy is oscillating around the desired value
after few seconds, as shown in Fig. 8.6. In both cases the value of the desired energy is H; = 0.2].

Table 8.1.: Gains used for one arm in the experiment.

Parameter Value Unit
K 30 1 / S
Q; 0.07 s

Ds  diag(32,60,50,66,51,51) /s
K, diag(5,2.5,2,1.5,1,1) NimS/rad
P diag(10,...,10,1,...,1)  rad/Nmg?

The values of the gains used for the experiment are listed in Table 8.1.

Discussion InFig. 8.6 the energy oscillates around its desired value, although convergence was
theoretically expected. Measurement noise, flexibility of the structure and model uncertainties are
a possible cause for this phenomenon. The mismatch between the real model and the one used
by the controller is supposed to be the main reason for the oscillations in the recorded signal.
The behavior can, in fact, be reproduced in simulation when using an incorrect model for the
controller and disappears when the model is perfectly known, as it can be seen in Fig. 8.7. In
the simulation the robot starts with a higher deviation from the submanifold compared to the
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Figure 8.5.: Energy function (continuous line) and desired value (dashed line) without friction
compensation obtained in the experiment.
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Figure 8.6.: Energy function (continuous line) and desired value (dashed line) with friction com-
pensation obtained in the experiment.
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Figure 8.7.: Energy function (continuous line) and desired value (dashed line) with friction com-
pensation obtained in simulation.

experiment. This causes the big overshoot? in the plot, since the total kinetic energy is used in
the definition of H(q, q), but still a perfect convergence is achieved. The friction model used is
as in (8.19), where the values of the parameters are unknown for the same controller used for the
experimental setup. Uncertainty in the dynamic matrices are not considered by the current state
of the controller. Nevertheless, the experiment gives the opportunity to test the robustness of the
proposed approach. Although it was not formally shown, the behavior results to be periodic even if
the energy error does not converge exactly to zero, showing that the effect of the model uncertainty
is a distortion of the expected attractive closed orbit.

8.5. Summary

In this chapter, the problem of generating attractive closed orbits for rigidly actuated manipula-
tors in presence of unmodeled disturbances was addressed. In order to cope with friction always
present in real systems, the results presented in chapter 4 were extended using a combination of
state of the art approaches for uncertain models. Conventional friction compensation techniques
cannot be applied directly if the design of the control is required to be kept separated in two steps,
as in the frictionless case. The reason is that no interference between the two parts of the controller
is allowed when compensating the friction. The approach has been validated in simulation and
experiment using the humanoid robot TORO, confirming the improvement in the performances
compared to the previous approach.

2During this phase the term proportional to the energy error is acting like a damping, so no unexpected oscillations
will be produced.
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CHAPTER 9

Conclusion

The last decades have seen a steadily increasing attention from the robotic community into the
design of innovative drive concepts, that can allow the systems to perform highly dynamical tasks.
Elastically actuated robots changed how elasticity has been usually considered in robotics. While
the classical mechanical and control design processes tended to reduce the elasticity to a minimum
in order to simplify the analysis and control of the robots, the new actuation principles intentionally
include elastic elements to profit from the possibility of storing energy and protect the motors from
abrupt interaction between the links and the environment. As legged locomotion is demanding
in terms of performant actuation, often the design of legged robots tends to include elastic joints.
Numerous works in the biomechanics field have shown, additionally, that the presence of elasticity
in the structure can explain the principles of locomotion. Therefore, the goal of this work was to
propose a solution for exploiting the presence of elastic joints when used in a legged robots.
The contributions of this thesis can be summarized as:

e insights on the dynamic model of a free floating robot leading to a partially decoupled
structure of the model

e methods to map a single mass template model (SLIP) on a multi-body robot

e design of a static state feedback control for orbital stabilization of rigidly actuated robots
and extension to a robust version

e design of a dynamic state feedback control for orbital stabilization of elastically actuated
robots

e adaptation of an existent optimization based approach for balancing in order to obtain a
jumping pattern via energy regulation

e design of a control law for regulation of the end effector of a free floating robot via momen-
tum decoupling

e extensions of the applicability of semidefinite Lyapunov functions, which are used in the
stability analysis.
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9. Conclusion

Although on the robotics scene since many years, it is still not clear how to use the full potential
of elastic joints. The typical control strategies adopted are still the ones developed when the
elasticity in the joints was an unwanted effect, i.e. this control laws tend to compensate for the
presence of the spring, which is a disturbance to the desired perfectly rigid actuation. The main
focus of this work was then to design control laws aware of the benefits that can be provided by the
energy stored in the springs. With the mind on possible applications to the field of legged robotics,
the requirement for the controller was to generate an asymptotically stable limit cycle, such that
a periodic task could be realized. Jumping, running and walking can be seen, in fact, as periodic
tasks. Once again, elasticity is intuitively helpful for producing an oscillation.

The SLIP template model is capable of extrapolating the main features of different gaits of
humans and many different other animals. Methods to map this template model on a robot were
considered, in order to realize a walking pattern. Already in this first stage it was required to
provide the robot with a mechanism to recover from the energy loss at the impacts.

Starting from the simpler case of a rigidly actuated robot, a static state feedback was designed
to produce an asymptotically stable limit cycle defined as the level set of an energy function. This
is realized by the controller enforcing a set of virtual constraints and regulating at the same time
the energy to the desired value. A version of the controller capable of compensating for a class
of unmodeled disturbances was also considered. As in the rigid case there are no elastic elements
in the joints, the energy function was defined as the sum of the kinetic energy and of a virtual
potential introduced by the controller. When using elastically actuated robots, the virtual potential
is replaced by the physical elastic energy and the gravitational potential energy. Nevertheless,
aiming at keeping the same design idea to produce the limit cycle, i.e. using a combination of
virtual constraints and energy regulation, the complexity of the controller had to be increased. The
goal in this case is achieved by a dynamic state feedback, meaning that the controller is itself a
dynamic system. Precisely, the controller dynamics are mimicking the motor ones. To the best of
the knowledge of the author, this control law is the first one to show how the torques produced by
the springs themselves can be directly used to fulfill the task. Classic approaches, instead, require
that the torques produced by the springs track desired ones designed assuming to have rigid joints
(e.g. backstepping), or assume to have sufficiently high joint stiffness in order to use the motor
position directly as a control input (e.g. singular perturbation).

The validation of the controllers requires a dynamic library, implemented based on the close
form expression and the iterative algorithm presented in the thesis. As a good understanding of the
model is always helpful for the design of the control laws, the properties of the dynamic model of
the robot were carefully examined. Particular attention was dedicated to the structure of the model
of a free floating base robot, as biped robots are clearly not fixed on the floor. The conservation of
generalized momentum was used to derive a block-diagonal structure of the model. This concepts
were used to design a feedback law to control the end effector of a free floating robot to a desired
pose. The case of a robotic arm mounted on a satellite was considered as application scenario,
highlighting the similarities in the objectives and modeling between the field of legged and space
robotics.

The capability of the energy controller to enforce oscillations was used to obtain periodic jumps
with a biped robot. A toy model illustrated the principle behind the idea of having a jumping
pattern based on an energy argument. To take into account the underactuation and the unilateral
constraints inherent with the definition of a locomotion task, an optimization problem was set
up. In particular, an optimization framework designed for balancing control was adapted in order
to incorporate the energy controller and produce the desired jumping pattern. Loosely speaking,
the idea is to use the energy controller assuming to have full actuation, while the optimization
problem takes care of redistributing the interaction forces with the environment in order to ensure
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the feasibility of the control action. Although resorting to the solution of an optimization problem
prevents to carry on an analytic stability analysis of the closed loop system as it was done for all
the other designed control laws, the use of optimization is the state of the art in legged robotics
and it has been shown to be very effective in practice.

As the biggest part of this work dealt with the design of innovative control laws to exploit elastic
joints, future works will focus on applications of the developed controllers for other locomotion
patterns beside the already implemented jumping controller. The latter can be used, for example,
as core for a running controller. Obviously, in this case particular attention must be dedicated to
the planning phase. Footsteps have to be designed in order to guarantee the success of the control
strategy. At the same time, a state machine has to orchestrate the sequence of different phases, i.e.
double support, single support or flight phase. Finally, a model predictive control approach could
be used to improve the optimization problem. Instead of manipulating the current values of the
desired torques, one might consider using their time derivatives to guarantee the feasibility of the
future values.
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APPENDIX A

Stability theorems

In this appendix, some useful notations are recalled. Moreover, the theorems presented are a
contribution to the analysis of dynamical systems with semidefinite Lyapunov functions, as they
extend known results for equilibrium points to the case of generic bounded invariant sets, i.e.
including also limit cycles.

A.1. Definitions
Consider the system

x=rx), (A.1)

where x € 2" C R™and f : 2" — R is a Lipschitz continuous function, so that a unique solution
exists. The solution of (A.1) starting at x and evaluated at the time instant ¢ is denoted with
X (#;x0), so that x(0;x0) = Xo-

In case f: 2" — R™is only a Lebesgue measurable function, then (A.1) is understood in the
sense of Filippov [Fil88], i.e. (A.1) is replaced by the equivalent differential inclusion obtained
using its convex regularization [Fil88]. Existence of solutions can be guaranteed with the no-
tion of upper-continuity of set-valued functions [Fil88]. Additionally, x (#;x0) is the absolutely
continuous solution satisfying the differential inclusion almost everywhere.

The following definitions apply to a bounded, invariant set £ of the system (A.1).

Distance d(x,Q) 2 minyco|x —yl|

Openball B.(Q)2{xc 2 |d(x,Q) <e}

Closed ball B.(Q) = {xc 2 |d(x,Q) <&}

Sphere S.(Q)={xc 2 |d(x,Q) =¢}

Stability Q is stable if Ve >0, 3 6 = 6 (€) > 0 such that Vxo € Bs (Q) = x (t;x0) € Be (Q),

V>0
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A. Stability theorems

Asymptotic stability Q is asymptotically stable if it is stable and 3 6 > 0 such that Vxo €
Bs(Q) =
lim; e d (X (1:X0), Q) =0

Conditional stability Q is conditionally stable to <7 if Q C <7 and Ve > 0,35 =05(¢g) >0
such that Vxp € Bs (Q) N/ = x (t;x0) € B£ (), Vt >0

Conditional attractiveness Q is attractive conditionally to .7 if Q C ./ and 3 6 > 0 such
that Vxo € Bs (Q) N/ = lim, . d (X (£;X0) , Q) =0

Conditional asymptotic stability Q is conditionally asymptotically stable to <7 if Q C <7 is
stable conditionally to <7 and 3 0 = § (&) > 0 such that Vxo € Bs (Q) N/ = lim; .. d (X (£;x0) , Q) =
0

A.1.1. Semidefinite Lyapunov functions

The results presented here extend those for equilibrium points that can be found in [IKO96,SJK97].

Theorem A.1 (Stability). Let Q be a bounded, invariant set for (A.1), and let V(x) be a C!
function such that V(x) >0, V(Q) = 0 and V (x) < 0. If Q is asymptotically stable conditionally
to o/ ={x|V(x)=0}, then Q is stable.

Proof. Suppose by contradiction that Q is unstable. Then exist an € such that v > € > 0, a
sequence (Xon),eny C Be(Q), lim,, e d(x0n, Q) = 0, and a sequence (1,),.y C R in such a way
that

{d(x(t;XO,,),Q) <eg 0<r<ti, (A2)

d(x(t:xon),Q) =€ VYneN.

Since S¢(Q) is compact, a convergent subsequence y/, can be extracted from y,, = X (£,; Xon) Such
that y), — y € S¢(Q) as n — o. Moreover because of the continuity of the solutions of (A.1) and
the invariance of Q, 1, — o0 as n — oo,

Now, V (x(—#;y)) = 0 has to be shown. Let T <0 and N € N be such that 0 < 1, + T < t,,, Vn >
N. Because V is not increasing along the solutions of (A.1), it follows that

0 S V(X(tn + T;XOn)) S V(XOn) . (A3)
From lim,, . d(x0n,2) = 0, V() = 0 and the continuity of V, it follows
Vx(t:y)) = lim V(x(T:x(ta: X0n))) = lim V (x(t2 + T3 x0n)) =0 . (A.4)

It remains to prove that x(—#;y) € 7 and d(y,Q) = € cannot hold if Q is asymptotically stable
conditionally to .27. Since Q is asymptotically stable conditionally to <7, 3 T = T'(€) > 0 such
that d(x (7 x0),Q) < §, with xo € &7 If one chooses xo = x(—T;y) € &, then

> d(x(T:x0),Q) =d(x(0;y),Q) =d(y,Q) =¢.

N M

Since this is a contradiction, it can be concluded that  must be stable. O
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A.1. Definitions

Thanks to the properties of positive semidefinite functions it is possible to ensure not just the
stability, but also the asymptotic stability of an invariant set €. To this end, first two results are
recalled.

Lemma A.1 ([IKO96]). LetV be a nonnegative function with V (x) <0, then o/ = {x | V(x) =0}
is a positively invariant set and «/ C E = {x | V(x) = 0}.

Lemma A.2 ( [Kha02]). If a solution x(t;x0) of (A.1) is bounded and belongs to 2 for t > 0,
then its positive limit set £ is a nonempty, compact, invariant set. Moreover, X (t;X0o) approaches
Etast — oo

Theorem A.2 (Asymptotic stability). Let Q be a bounded, invariant set for (A.1), and let V()
be a C' function such that V(x) >0, V(Q) =0 and V(x) < 0. If Q is asymptotically stable
conditionally to the largest positively invariant set .# within E = {x |V(x) = O}, then Q is
asymptotically stable.

Proof. In order to prove asymptotic stability one has to show stability and attractiveness.

From Lemma A.1 it follows that <7 is a positively invariant set and &/ C E, so since Q is
conditionally stable to .# and V(Q) =0i.e. Q C 7, then it must be conditionally stable to <7,
hence Q is stable by Theorem A.1.

Attractiveness is proven by contradiction. Since Q is stable then Ve >0, 3 6 = d(&) > 0 such
that Vxo € Bs(Q) = x(t;x0) € Be(Q), V¢ > 0. This means that using also Lemma A.2, then
L is a positively invariant set and £ € B¢(Q) N .#. Now, assume by contradiction that £ is
not Q. Since Q is asymptotically stable conditionally to .#, then lim, .. d(x(#;x0),Q) = 0 if
X0 € Be(Q) N.#. Choosing xo =y € £ # Q one reaches a contradiction. O

Theorem A.3 (Convergence with semidefinite functions). Let Q be a bounded, invariant set for
(A.1), and let V (x) be a differentiable function such that V(x) >0, V(Q) =0 and V(x) < 0. If
Q is attractive conditionally to the largest positively invariant set .4 within E = {x | V(x) =0}
and the solutions are bounded, then Q is attractive.

Proof. Let o = minycg )V (x) , @ > 0, and take f3 such that 0 < 8 < o. Then the set Qg =
{x €By(Q) | V(x) < B} is a compact positively invariant set and by virtue of LaSalle’s invari-
ance theorem then every solution starting in Qg approaches .# as t — oo. Since the solutions are
bounded, then 3 & = §(xo) > 0 such that x(7;x0) € Bs (), V¢ > 0. Using Lemma A.2, the posi-
tive limit set £ is such that £+ € Bs(Q) N.#. Additionally, since € is attractive conditionally to
A, then lim; . d(x (1 x0),Q) = 0if x0 € Bs(Q) N.# . Now, assume by contradiction that £ is
not Q. Choosing xo =y € L™ # Q one reaches a contradiction. O
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