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Simulation and Control of Running Models

Abstract

This work focuses on the locomotion of one-legged robots, with focus on
approaches that stabilize passive limit cycles. Locomotion based on the so-
called passive gaits promises to greatly reduce the actuation effort required for
legged robots to move. In this work, the passive gaits of robots of varying
complexity are characterized and stabilizing controllers are reviewed from the
literature and newly formulated. The robots are modelled as hybrid dynamical
systems and numerically simulated, thereby allowing to validate the proposed
control strategies.

Firstly, the vertical control through energy regulation of a one-dimensional
hopper is considered.

Secondly, the SLIP model is reviewed and then extended to the “pitching-
SLIP”, with the aim of characterizing its passive gaits with somersaults. Two
controllers based on energy and angular momentum regulation are then for-
mulated to stabilize passive gaits with somersaults, making the control effort
converge to zero. A further extension of the SLIP template, denominated “body-
SLIP”, is then used to test the control approach on a more realistic model. The
controllers shall be later extended to more complex cases, in which the somer-
saults are not necessarily present in the passive gaits.

Thirdly, the locomotion of a one-legged robot with a body link is studied.
Raibert’s control approach based on the foot placement algorithm is reviewed
and compared to the non-dissipative touchdown controller of Hyon and Emura.
The latter is then extended to be used with continuous torque profiles and to
perform velocity tracking. Moreover, damping is added to the joints in order
to study its effect on the controller, which was then modified to achieve stable
running even in such conditions. The results obtained shall lay the foundations
for a later test on hardware on DLR’s quadruped Bert.
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1 Introduction

1.1 Motivation

In the design of legged robots, the introduction of compliant joints in the mechani-
cal design plays a fundamental role in the realization of dynamic running gaits. In
particular, the use of series elastic actuators allows to exploit the energy stored in
the mechanical springs during running to perform key movements like the backward
and forward swinging of legs in the forward horizontal motion or the compression and
extension of the legs in the vertical jumping motion.

The motivation and main advantage of exploiting the passive dynamics of elastic
elements to achieve under-actuated running gaits lie in the reduction of the actuation
effort, which translates into a lower energy consumption required to keep the robot
moving. Moreover, this locomotion approach can reduce the complexity of the under-
lying locomotion controllers, as the movements achieved by the robot are natural and
determined by its passive dynamics, instead of being forced by the actuators trying to
follow pre-computed trajectories.

The aim of this work is firstly to find and analyze the natural passive gaits of simple
one-legged robot models with increasing complexity and secondly to formulate and test
through numeric simulation different locomotion controllers, with the aim of achieving
orbital stabilization of the passive running gaits. Controllers inspired by the state
of the art as well as newly formulated controllers based on energy and momentum
conservation have been studied. Moreover, in order to highlight the advantages and
disadvantages of compliant robots, a comparison between stabilized elastic passive
running and running with a traditional direct joint control approach has been made.

1.2 Literature review

Legged locomotion is a very active research field in modern robotics. Robots with
legs have the primary advantage of being able to navigate in rough terrain. This
is thanks to the fact that legs, unlike wheels, do not require a continuous surface of
contact to provide the robot with movement and allow for stepping at different heights,
for example while walking on stairs, or over obstacles. Moreover, legged robots are
intrinsically closer to the animal world, which means that they can interact more
naturally with environments designed for humans and animals. On the other side,
the introduction of legs, with all the annexed mechanical joints, links and actuators,
drastically increases the design complexity of legged robots when compared to wheeled
or tracked robots. Furthermore, the task of walking or running requires the generation
of complex joint trajectories which, together with the need of balancing to avoid falling
during the movement, makes legged robots significantly more complex to control. [I]

Many different robot designs and control approaches have been developed in the past
decades that achieve walking and running and that have been validated on hardware.
Starting from simple quasi-static walking and evolving to complex dynamic walking
and running, the performance of legged robots has increased through the years, even
though in most cases the achieved energy efficiency remains lower with the respect to
the levels achieved by the animal counterparts. Energy efficiency is indeed currently
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one of the main areas of interest of the research, and it is estimated that there is still
great room for improvement. One of the main approaches to improve the mechanical
energy efficiency of legged robotic locomotion is the introduction of elastic elements in
the design and the exploitation of the system’s natural motions or passive dynamics.
[2] Such designs are inspired by the animal world, as animals have been shown to
achieve efficient legged locomotion thanks to the use of spring-like body parts - mainly
tendons - to store and retrieve energy during the movement [3].

The exploitation of passive dynamics, which cause the robotic system to move even
when no input is given to the actuation motors, has been the object of study of
several research works since the late 1980s, when fully passive walkers able to walk
down on slopes without any actuation were designed and studied by Tad McGeer [4].
Subsequently, the passive running of a one-legged robot was studied in simulation
by Thompson and Raibert in [5]. These works were followed by many attempts to
apply the concept of passive locomotion to actual hardware robotic systems. A recent
example of a robot achieving a very high efficiency by exploiting passive dynamics is
the four-legged bipedal robot Ranger [6], which makes use of a hip spring and ankle
springs to aid the swinging of the legs and of the feet respectively and was able to walk
over 65 km on a single battery charge. At the Institute of Robotics and Mechatronics
at the German Aerospace Center (DLR), the quadruped Bert is being developed with
focus on efficient locomotion based on the natural oscillation modes of the system.
The quadruped robot has legs controlled by series elastic actuators, which include a
mechanical spring between the motor and joint. These springs have the purpose of
storing and releasing energy during the movement, with the aim of achieving highly
dynamic gaits [7].

Many control algorithms for biped and quadruped locomotion are based on simple
conceptual models, also known as templates. The study of controllers for such tem-
plates and the subsequent adaptation to more complex robot models has been proven
to be a very effective approach and is the basis for the successful locomotion of many
robots such as the Scout II quadruped robot [8], whose simplified model based on the
spring-loaded inverted pendulum model (SLIP) template displays fully passive and
stable running with bounding gaits. The SLIP plays an important role in the study
of running of animals and robots [9], [10].

As the name suggests, the SLIP template introduces compliance in the model in
the form of a linear spring. Compliance has been shown to play a fundamental role
in human and animal running [3], [II] and it is a prerequisite to achieve passive
locomotion gaits. The SLIP template has been object of study of several papers in
the field of robotic locomotion and, while being considerably simpler than real-case
robots, it possesses a series of properties that make it relevant for the study of one-
legged or multi-legged robots. Examples are [§], where the SLIP’s self-stabilization
property is studied to understand the behaviour of the running with bounding gait
of the quadruped robot Scout II, and [12], where the SLIP template dynamics are
matched with those of the compliantly actuated legs of DLR’s quadrupedal robot
Bert.

One-legged robots are a particular case of study that can help with understanding
the locomotion of multi-legged systems that run or hop. This type of robot moves
forward by alternating between two states: stance, in which the foot is in contact

2 1 INTRODUCTION
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with the ground, and flight, in which the system’s center of mass moves on a ballis-
tic trajectory. A controller not based on passive dynamics for one-legged robots was
described by Raibert in [13] and validated on hardware. The robot model described
in the work is equipped with a linear spring on the leg, but no polar spring is present
on the hip, meaning that the leg must be swung through the effort of a hip actu-
ator. The author describes a control approach that is divided into three decoupled
parts: vertical control, body attitude control and forward velocity control. Despite its
simplicity, this controller is able to achieve all the major tasks required by a hopping
robot: initiate the hopping from a static position, advance with a desired forward
speed, keep a desired body attitude and stop the hopping at a desired set-point in
space. The flexibility of this controller distinguishes it from methods based on passive
gaits stabilization, where changing the forward velocity requires switching between dif-
ferent passive gaits and where the body’s attitude and hopping height during running
is entirely determined by the system’s natural motions and therefore uncontrolled.
However this control approach requires a considerable energy consumption, which led
Raibert and Thompson to investigate the use of a hip spring in order to save energy
in [5]. In this work, they showed that a simple planar one-legged robot with a linear
leg spring and a polar hip spring is capable of running without any actuation effort,
even though the passive gaits were found to be unstable.

Different control approaches were proposed to stabilize the passive gaits of the planar
one-legged robot described in [5]. One of them is described by Hyon and Emura in
[14]. Three different adaptive controllers that achieve orbital stabilization of fully
periodic passive gaits are described. This approach uses adaptation laws that change
the hip stiffness, the leg stiffness or the robot’s energy after each running step in
order to minimize the control effort. Eventually the control effort converges to zero
and a passive stable gait is reached. An advantage of this method is that the robot
converges to passive gaits which are not known a priori, i.e. they do not need to be
pre-computed.

A second approach to achieve controlled passive dynamic running of the monopod is
described by Ahmadi and Buehler in [I5], where the passive trajectory is pre-computed
based on the desired forward velocity of the robot and a feedback controller is used to
maintain the system as close as possible to the passive gait, with the goal of minimizing
the energy consumption.

A third approach is presented in [I6] by Francois and Samson. The method makes
use of Poincaré maps linearized around the fixed points, which correspond to periodic
gaits of the robot. This approach achieves orbital stability of the passive periodic gaits
by applying a feedback controller that stabilizes the closed-loop linearized Poincaré
map around the fixed points.

At the Institute of Robotics and Mechatronics at DLR, an experimental hardware
setup with a single leg is used to test control algorithms for the later extension to the
full quadruped robot Bert, as described in [I7] and [I8], where nonlinear normal modes
are excited to achieve efficient forward hopping of the robot’s leg. The excitation of
normal modes, which are described for nonlinear systems such as robotic systems in
[19], is an approach to exploit the system’s passive dynamics.

Orbital stabilization is the primary objective of controllers that achieve locomotion
based on passive gaits. The main idea behind is to make sure that the controlled robot
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converges to a passive gait even when starting from initial conditions that are not on
the nominal gait. If the system converges to it, it is possible to remain on it with
theoretically zero actuation effort, in the sense that the controller only needs to act in
the event of small perturbations, for example due to numerical integration errors, to
bring back the system to its achieved limit cycle.

Passivity-based approaches distinguish themselves from direct joint actuation meth-
ods, where joints are directly actuated with no elastic element between actuators and
links. These types of architectures generally offer more flexibility in terms of types
of terrain they can traverse and tasks they can perform, at the cost of an increased
energy cost. Example of robots controlled with this approach are Honda’s ASIMO
and Boston Dynamics’ BigDog, which both demonstrate very high versatility paired
with a high energy consumption. Legged robots based on passive dynamics instead
achieve great efficiency but are up to now limited to relatively flat terrains and low
slopes. [6]

1.3 Methods

In this work, planar one-legged robots are modelled as nonlinear hybrid systems and
the ground is considered infinitely rigid. Return maps based on Poincaré sections are
used to find and study limit cycles of the robots corresponding to passive gaits of
the models. Newly formulated controllers and controllers taken from the literature
are used to achieve stable running gaits. Standard methods from nonlinear control
theory are used to asses the stability of the locomotion in open-loop and closed-loop
configurations. For the validation of the control approaches as well as the analysis of
their performance, numerical simulations were implemented and run using Simulink.

1.4 Content overview

Section [2 briefly reviews the basic definitions of hybrid dynamical systems, Poincaré
sections, return maps and limit cycle stability analysis. In section [3], the simple one-
dimensional case of a hopper is studied. Section 4] reviews the SLIP model and intro-
duces two new model, called “pitching-SLIP” and “body-SLIP”, useful for the study
of the interesting passive running gaits with somersaults. The passive gaits of the
models are analyzed and then stabilized through two controllers based on energy and
angular momentum regulation. In section 5] the case of a planar one-legged robot with
body is considered. The non-dissipative touchdown control for the passive running of
a monopod described by Hyon and Emura in [14] and the foot placement algorithm
by Raibert [13] are reviewed and extended. Simulation results of the two approaches
are compared and discussed. Finally, the effectiveness of the non-dissipative touch-
down control is studied in the non-ideal case of viscous friction in the joints and the
controller is extended to more realistic continuous torque actuation profiles and to
perform velocity tracking. Section [6] concludes the work with a brief summary and
outlook.
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2 Modelling and analysis of legged robots

In this section, some theory concepts relevant to the work are reviewed. Firstly, a
basic definition for hybrid dynamical systems is reported. Secondly, the definitions of
Poincaré sections and return maps are revised. Then, the algorithm to search for limit
cycles of nonlinear dynamical systems based on fixed points of the Poincaré return
maps is described. Finally, a method to infer the stability of limit cycles based on the
linearization of return maps around fixed points is discussed.

2.1 Legged robots as hybrid systems

One important decision when modelling legged robots is related to how the contact
points between feet and ground are modelled. In particular, one can distinguish be-
tween compliant contact models and rigid contact models. While compliant models
realistically take into account the deformation of the bodies involved in the contact,
the high stiffness values involved can cause the differential equations to be numerical
stiff, which can lead to difficulties in the numerical integration and analysis. Rigid
contact models can simplify the theoretical and numerical analysis. [1]

Rigid contact models, which are used in this work, cause the dynamics of the system
to switch when the contact state of the robot changes. Moreover, impacts occur
whenever the robot touches the ground, as the contact points are not allowed to
penetrate the ground. Such switching dynamics can be modelled and analysed as
hybrid dynamical systems.

Hereby, a general definition for hybrid dynamical systems is reviewed. The definition
and nomenclature here reported are taken from [20].

In hybrid dynamical systems, the state * € R"™ can flow as in a continuous time
system or jump as in a discrete time system depending on the current state. Such a
system can be described as follows:

z=f(x) ifeeC
(1)

xt =g(x) ifxeD

where f is denoted as flow map and is defined on the flow set C, and g is called jump
map and is defined on the jump set D. When @ € C holds, the state flows according to
a set of differential equations, whereas when & € D holds, the state jumps according
to a set of difference equations.

In the modelling of legged robots with rigid contact forces, the flow map represents
the differential equations that govern the system during the flight and stance phases,
whereas the jump map models the discontinuities in the states on the events of impacts
with the ground or when a foot lifts off the ground. The functions f and g can
in general be defined differently on different subsets of C' and D respectively. For
example, in the case of one-legged robots later examined in this work, f describes the
flight dynamics when the foot is not in contact with the ground, while it describes
the stance dynamics when the contact with the ground is active. Another observation
is that while in the general definition of hybrid systems multiple jumps can occur in
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sequence, in the models presented in this work the jumps only occur from D to C,
meaning that after a jump happens the system will low. Depending on the robot
model, certain conditions on the state must hold so that several jumps do not occur in
sequence. For example, for the one-legged robot described in [14] and used in this work
in section 5] a condition can be derived on the states at touchdown so that the system
does not switch back to flight immediately after hitting the ground. Such conditions
ensure what is called normal phase switching, which is often necessary for the correct
simulation of hybrid systems and allow to avoid “chattering” phenomena in which the
system jumps repeatedly in short intervals of time.

2.2 Poincaré maps

2.2.1 Definitions

In this section, the concepts of Poincaré maps and sections are reviewed. Poincaré
maps are a useful tool for the search and characterization of limit cycles of nonlinear
hybrid systems. Their use to study the stability of limit cycles for hybrid systems
is described in [21], whereas an example applied to the stability of passive gaits in
robotics is in [§].

Given a nonlinear hybrid system evolving with state «, one can define an hyperplane
3], hereby referred to as Poincaré section, transversal to the state flow. A Poincaré
map P(x) is a function that, given the states & of the system representing a point on
the Poincaré section X, returns the states of the system at the next instance in which
the flow crosses X again. The concept is illustrated in Figure [I} It is important to
note that for the correct definition of P(x), the section ¥ must be transversal to the
flow, so that the system can not evolve while remaining on ¥. [21]

Figure 1: Illustration of the flow of the system intersecting a Poincaré section ¥ at
point « and then at point P(x).

Poincare maps can be seen as discrete time functions that map the state of the
system at the k-th crossing of the Poincare section 3 with the states at the (k + 1)-th
crossing:

Lp41 = P(wk) (2)
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Fixed points of the Poincaré maps correspond to periodic solutions (limit cycles)
of the system, in which the states always return at the same point on the Poincaré
section X after a certain time period. The fixed points satisfy the condition

Ty —xp = P(xy) — 2, =0 (3)

Equation offers an important tool to find limit cycles of nonlinear hybrid systems.
Even though an analytical expression of the Poincare map is usually not known, the
map can be evaluated by numerically integrating the dynamics of the system from
state xy till X is crossed. By using an optimization algorithm to find the solutions of
equation , the fixed points of the Poincare map can be numerically found. In this
work, the Levenberg-Marquardt algorithm (LMA) has been used for this purpose.

2.3 Stability analysis of limit cycles for hybrid systems

To study the stability of limit cycles, the stability of the corresponding Poincaré map
fixed point can be studied [21], [I]. The stability of the the map can be evaluated locally
by linearizing the map around a fixed point found by solving . The Jacobian matrix
of the map can be evaluated numerically by using finite differences, since an analytical
expression is usually not available. At the fixed point under study, the Poincare map
can be linearized with:

Awk+1 = on . Awk = O
k

Lo
where x denotes the fixed point, J, the Jacobian matrix and Az = x), — xo.
The eigenvalues of J,, are called characteristic (or Floquet) multipliers of the limit
cycle associated with the fixed point and can be used to assess its stability. If the
discrete system is stable, which means that the Jacobian’s eigenvalues are all

inside the unit circle, then the limit cycle is also stable.
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3 One-dimensional hopping robot

3.1 Model and equations of the dynamics

In this section, a simple one-dimensional problem of vertical hopping is considered.
The robot model used is the one-legged hopper represented in Figure 2 The model is
characterized by one prismatic joint along which a spring and a damping element act,
as well as three point masses representing trunk, thigh and shank of a simple robot.
The spring acts between the robot’s center of mass and its foot, while the damper
linearly acts against the joint velocity. Being constrained to move only along the
vertical direction, the model possesses only 2 degrees of freedom which are the trunk’s
vertical position z, and the prismatic joint coordinate q. An ideal force actuator can
exert a force f on the prismatic joint, with positive sign aligned with the positive
direction of q.

Mo
CoM. | |/2
m
Y7
>
Kr
r 3 Cq q
Zb
Zc l/2
ma
/2
Zf

Figure 2: 1D hopper model with three point masses, a spring and a damper.

Table [1] clarifies the names of the variables and parameters of the model.
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’ Name \ Description
mo Trunk mass
my Shank mass
Mo Thigh mass
K, Radial spring stiffness
7o Radial spring resting length
Cy Joint damping constant
q Joint position
r Distance between the center of mass and the foot
2 Base vertical position
Ze Center of mass vertical position
zf Foot vertical position
f Prismatic joint actuation force
[ Link length
g Acceleration of gravity

Table 1: List of the parameters and variables of the 1D hopper with name and de-
scription.

Considering the ground as infinitely rigid, the model is hybrid and it alternates
between the stance and the flight flow dynamics through the discrete events of lift-off
and touchdown. The flight dynamics and the stance dynamics are described by the
sets of differential equations and @ respectively.

In the flight phase, the system is governed by a set of two differential equations:

Rl g (e R A B

Mo ma| | G 0 C, |¢ mag + JL K (1 = 70) f

where the elastic spring force is realized by a spring that acts along the prismatic
joint relatively to the coordinate r = z. — z¢, which is the distance between the foot
and the center of mass of the robot, and is at rest when r = r. The vertical coordinate
of the center of mass z. can be expressed in terms of the states z, and q as

%l-ml—i-(%l—i-q)-mg
mo + mq + Mo

Ze = RZp —

, (6)
while the foot’s coordinate is simply given by

zp=2—q— 2L (7)
Finally, J,, is expressed as

mg + my

Jrg = (8)

In the stance phase, the foot is constrained on the ground and the joint position ¢
oscillates according to:

mo + M1 + Mo

(mo +m1)G + Coq + (mo +my)g + J;ZKT‘(T —ro)=f (9)
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Hereby, it is assumed that the joint damping is only present during the flight phase,
so that the system is energy conservative during stance. Thus, C, is set to zero in
equation @D

For the system to be in the flight phase, the foot’s coordinate must be positive,
zf > 0. The transition from flight to stance happens when the foot touches the
ground, zy = 0 and 2y < 0. During the stance phase, the foot remains fixed on the
ground, zy = 0. The transition from stance to flight occurs when the contact force
between the foot and the ground becomes zero:

N, =mag — JLK (r—ro) + f=0 (10)

Note that during stance the sign of the contact force N, is always positive, as the
ground constraint is unilateral, meaning that it can only push the robot upwards but
can not pull it downwards.

On impact with the ground, discontinuities occur in certain state velocities of the
system. In particular, the jump map is given by:

q = 21)
(11)
2y =2
where the superscript notations “-”7 and “+” refer to the time instants immediately

before and after touchdown. The discontinuity only affects ¢ and is caused by the
instantaneous deceleration of the foot, whose velocity jumps to zero on impact.

The discontinuities on the velocity states also determine a loss of mechanical energy
on impact which is given by the loss in kinetic energy:

O I
AE=E"— E= = gma(37)" = gma(§™ — 5)° (12)

Further energy losses present in the system when it is not actuated are caused by
the damping element on the prismatic joint during flight.

In the next section, as simple controller based on energy regulation to achieve vertical
control is described for the hopper.

3.2 Vertical control

To achieve hopping with jumps to the desired height, one possible approach is to
formulate a controller that achieves energy regulation. The goal is to compensate the
kinetic energy losses caused by the impacts with the ground and by the dissipating
effect of the damper on the prismatic joint. A simple control law is given by [13| and is
applied during the stance phases:

f=-7"(E—Egs) - q (13)

where vg > 0 is a constant positive gain, E is the system’s energy, Fy.s is the desired
energy level and ¢ is the joint velocity.
The energy derivative in the stance phase is given by (since C, = 0):
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E=fg (1)
By substituting in the closed-loop dynamics of the energy are obtained:

E+v5¢3(E — Egs) =0 (15)

Thus, the controller achieves nonlinear convergence of the energy to the desired
value.

It is now assumed that the damping factor is high enough so that when the hopper
reaches the apex of the jump the oscillation along the prismatic joint has been fully
damped, i.e. at the apex ¢ = 0 holds. Then the amount of energy that the robot must
have at the end of the stance phase in order to obtain a subsequent jump where the
robot’s center of mass is z. = z4.s at the apex is given by:

Edes = (m + mr)gzdes - mrg(ro + ;;—Og) + 271[?-9 (16>
where:
m = mg + mp + may (17)
S ma(mo + my + mo) (18)
mo + my

An important consideration must be done with regards to the hybrid nature of the
system and the application of the control law . Consider the case in which the
robot is commanded to achieve a jump followed by a second jump with a higher apex.
To achieve such a task, the robot must increase its energy level during the stance
phase between the two jumps. Since the controller is enabled as soon as the ground is
touched, this would cause the controller to pull the base down during the first half of
the stance phase in order to increase the system’s kinetic energy. In fact, during the
first half of the stance phase the spring compresses with ¢ < 0, which, together with
E — E4s < 0, causes the expression in to be negative. If the magnitude of the
pulling force applied is too large, it can cause a false landing as the foot is immediately
pulled away from the ground at touchdown. This means that the model is not able
to enter the stance phase from the flight phase. This can lead to a “chattering”
phenomenon in which a succession of small jumps with false landings occur, which
leads to a very fast switching between the flight and stance phases.

Given , the condition to avoid a false touchdown is simply given by:

N >0 (19)

Since the controller described in does not in general satisfy condition , two
simple alternatives are described here.

The first option is to only allow the controller to push against the ground by intro-
ducing a saturation in the control law:

[ =sat(=vg - (F — Eaes) - ) (20)

where the saturation function is defined as:
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z ifz>0
sat(x) = (21)
0 otherwise

A second option is to allow negative values of f as long as the contact force NV,
remains positive within an arbitrary margin that works as a threshold level.

_’YE'(E_Edes)'q if_VE'(E_Edes>'q.>_6'(m29_Fel)
f= (22)
— B+ (mog — F,;) otherwise

where 8 € [0,1) is a parameter that determines how close the controller can bring
the contact force N, to zero by pulling the foot upwards and F; is the elastic spring
force. Note that the case § = 0 makes the controller act exactly as the one described
in (20).

In the next section, the simulation results of the one-dimensional hopper are pre-
sented.

3.3 Simulation results

3.3.1 Model parameters

The parameters that were used for the simulation of the hopper are listed in Table
In the simulations, the damping was set to be active only in the flight phase.

’ Parameter ‘ Value ‘
mo 0.957 kg
my 0 kg
mo 0.05 kg
K, 2000 N/m
C, 15 Ns/m
70 0.23124 m

0.12 m
g 9.81 m/s”

Table 2: List of the numerical values assigned for the simulation.

3.3.2 Uncontrolled damped hopping

Firstly, the simulation results of the case in which no controller is used to regulate
the hopping are examined. In the simulation, the hopper was initialized in flight with
¢gq=0m,¢g=0m/s, z,=0.34 m and 2, = 0 m/s.

The state positions and velocities are reported in the plots in Figure 3] The hopper
“bounces” on the ground with decreasing jumping height as energy is lost at each
touchdown and is dissipated by the damper on the prismatic joint during flight. In
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this plot and all the next ones, the areas with gray background indicate the stance

phases.

Zby 2fy Zc
0 3l ]
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B 2] '
o> -0.02 i 2
. Zf | 1
-0.03 | Ze
ANAAAARA.
0 0 2 4 6 8 10
t(s)
Zby Zfy Ze
—~ 0.5¢] 1 O
g 0 £ 0 'w
= - i
> 0.5 ”””[ 1o~ sl
1t : At
0 2 4 6 8 10 0 2 4 6 8 10

Figure 3: Joint position and vertical coordinates of base, foot and CoM. The oscillation
amplitudes decrease as the robot loses energy and the stance phases become longer

than the flight phases.

The plot in Figure 4| shows how the energy evolves: as expected, it starts from an
initial value and then monotonically decreases due to the energy losses. The hopper
bounces on the ground with decreasing jump heights until the energy decreases to a
point after which no jumps are possible. The energy then remains constant and the
hopper stays in stance with a residual oscillation left on the prismatic joint, since the

damper is only enabled during flight.
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Figure 4: Time evolution of the energy of the system. FE is the total energy, £, , is
the gravitational potential energy, Ej is the kinetic energy and E, g, is the elastic
potential energy.

In Figure [5] the intensities of the forces acting in the system are displayed.

i

Figure 5: Forces acting in the system. In this simulation, the actuation force f is zero.

3.3.3 Controlled vertical hopping

In this section, the simulation results of the closed-loop system with the energy reg-
ulator are discussed. Figures [0] - [§] show the simulation results where the control law
(20) was used with v = 100 Ns/Jm. The stance phases are highlighted with a gray
background in the plots.

The robot was initialized again with ¢ =0 m, ¢ = 0 m/s, z, = 0.34 m and 2, = 0
m/s. The desired jump height was set to three different subsequent levels in time.
The robot performs two jumps with apex at z4.s = 0.35 m, one jump with 2z, = 0.30
m and then keeps jumping with 24, = 0.40 m.

The state positions and velocities are reported in the plots in Figure [f] After the
initial transient in which the control goal is time-variant, the states evolve in a periodic
way. The energy is reported in Figure [7]and the forces in Figure[§] The actuation force
f is either used to inject energy in the system when the energy must be increased, as
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in the cases in which energy losses must be recovered or the jumping height must be
increased, or to dissipate energy in the case in which the next desired jump is lower

than the previous one and the current energy level is too high.

S — o«
-0.01 : 0.3 [\ | | H B IR
; gogm%mmmww
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- 1 ' = 1h
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Figure 6: Joint position and vertical coordinates of base, foot and CoM.

Figure 7: Time evolution of the energy of the system. E is the total energy, £, is
the gravitational potential energy, Ej is the kinetic energy and E, g, is the elastic

potential energy.
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Figure 8: Forces acting in the system. The actuation force is always positive as the
controller with saturation was used.

The vertical position of the center of mass together with its desired values at the
apexes are shown in Figure [J] From the plot it is evident that the control goal is
reached. Note that the gain v can be set so that the corresponding control effort is
enough to reach the desired energy levels within one stance phase. In general, with
lower values of vg, the robot reaches the control targets by accumulating energy during
more successive stance phases but requires lower peaks in the actuation forces.

Figure [10] shows again the energy, this time compared to the desired levels.

Zc
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Figure 9: Time evolution of the vertical position of the center of mass together with
its desired values at the apexes. In the third jump there is a small error with respect
to the desired state as the controller did not manage to dissipate enough energy during
the previous stance phase. This can be addressed by increasing the feedback gain .
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Figure 10: Time evolution of the energy compared to its desired values. The controller
is active in the time-frames with shaded gray background, corresponding to the stance
phases. The desired energy is changed during the flight phases with three steps.

In this section, an energy regulator to control the jumping motion of a one-dimensional
robotic hopper was described and validated through numerical simulations. The con-
troller was shown to effectively inject or dissipate energy in order to achieve the desired
control goal. In the next sections, the same control law will be applied in the more
complex problem of planar locomotion.
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4 Planar one-legged robot without hip joint

In this chapter, the locomotion of simple planar one-legged robots is addressed. Models
of increasing complexity, starting with the simple Spring Loaded Inverted Pendulum
(SLIP) template and continuing by adding simple flight dynamics to the leg and sub-
sequently an inertia to the leg, are examined.

4.1 Spring Loaded Inverted Pendulum (SLIP)
4.1.1 Model and dynamics equations

The well known Spring Loaded Inverted Pendulum (SLIP, see [9]) model is represented
in Figure [11, The model comprises a single point mass to which a linear spring is
attached. The spring has stiffness K, and resting length rg, it is massless and has no
inertia. During flight, the SLIP has four degrees of freedom, which are the coordinates
of the center of mass (z., z.), the spring total extension r and the leg orientation angle
«. During stance, the system can be described as a 2-DoF model in polar coordinates
with respect to the massless extremity of the spring, hereby called foot, which is
constrained to the ground.

(Xc, Zc) m

Kr

Figure 11: The SLIP model. The state variables and the model parameters are labeled
in the diagram.

The equations of the model dynamics are reported in —. During the flight

phase the system evolves according to:
Z.=0
Ze=—g
(23)
& = OTD des

r=T"To

\

18 4 PLANAR ONE-LEGGED ROBOT WITHOUT HIP JOINT



Simulation and Control of Running Models

where g is the gravitational acceleration and arp 4es is a constant angle arbitrarily
chosen. Note that during flight the relations & = 0, and 7 = 0 hold.
In the stance phase, the differential equations are:

& =—2-a+ Zsin(a)

.. ) r

P =rd&” — gcos(a) — —(r —19)
m

Finally, equations and report the lift-off and touchdown jump equations.
The superscript notations “-” and “+” indicate the states respectively just before and
just after the transitions.

At the lift-off event, which occurs when the spring decompresses and reaches again
its resting position r = r0, there are discontinuities in the states of the leg, due to the
zero-mass foot assumption and the arbitrarily set leg attack angle:

;

b =i
2=z
at = ATD, des (25)
at =0
=0
\
At touchdown, it holds:
(
il =,
=3
| Lo (26)
at = —=cos(a” )i} — =sin(a™)z"
r
7T = —sin(a”)i} + cos(a)ZF
\

It is important to note that the SLIP model is conservative, as no energy loss is
present in the system neither during the flow dynamics nor at the transition jumps.
4.1.2 Simulation results

In this section, the results of a simulation of the SLIP model are reported. The values
used for the model parameters are reported in Table
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’ Parameter \ Value ‘
m 1.007 kg
K, 2000 N/m
To 0.23124 m
g 9.81 m/s’

Table 3: List of the numerical values assigned for the simulation.

The model was initialized on the apex of a ballistic trajectory with x, = Om,
Teo = 3 m/s, zo = 0.26 m and Z, = 0 m/s and the leg touchdown angle was set
as arpdes = 0.35 rad. Figures show the evolution of the model states and
the ground reaction forces acting during the simulation. An important property of the
SLIP highlighted by this simulation is the existence of stable limit cycles, corresponding
to periodic gaits, to which the system converges when initialized with close enough
initial conditions. This can be easily seen in the plots in the phase plane in Figure
where the states converge to closed periodic orbits. The ground reaction forces are
shown in Figure

g 2 sﬂﬂWWHHVHHVHHVWHWHWH
B ML N
N R R R RN
AR
L e

Figure 12: Plots of the state trajectories of the SLIP. The SLIP converges to a periodic
gait.

20 4 PLANAR ONE-LEGGED ROBOT WITHOUT HIP JOINT



Simulation and Control of Running Models

(0% z r
0 o 1 2
. 05 1
z Q Q
g G DE 0 @
-3 -10 R ES
\/ > )
-15 -1 -2
-0.5 0 0.5 02 022 024 0.26 0.2 021 022 0.23
a (rad) z (m) r (m)

| O  Starting state |

Figure 13: State trajectories of the SLIP template in the phase plane. The curves
converge to closed periodic orbits, indicating that a limit cycle is reached.
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Figure 14: Ground reaction forces of the SLIP.

Figure |15 shows how the time duration of the flight and stance phases converge to
fixed values as the model converges to the periodic gait. Figure|16|shows the trajectory
of the SLIP after convergence to the periodic gait together with some snapshots of the
model configuration. The stable periodic gaits of the SLIP are further examined in
the next section.
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Figure 15: The flight time 7'y and stance time 7} converge to constant values after a
few steps.
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Figure 16: Periodic passive trajectory of the SLIP with some snapshots of the model
configuration.

4.1.3 Auto-stabilization property of the SLIP

As highlighted in section [£.1.2] the SLIP can converge to periodic stable gaits while
being initialized in their vicinity. This property of the SLIP template is described
in [8] and referred to as auto-stabilization property. In Figure the plots show
the apex height 2" and the forward velocity #,F after the system converges to a
stable periodic gait by being initialized with different values of z4 and #/F and with
different settings of the controlled leg angle avrp 4es. Each point of a curve represents a
simulation in which the SLIP managed to converge to a periodic gait. It is important
to note that the gaits here presented are only a subsection of the possible periodic
gaits of the SLIP. More precisely, these gaits are all stable, as these plots only shows
limit cycles to which the model was attracted to and on which it remained indefinitely.
More periodic gaits exist, generally unstable, which can be found through numerical
search by looking for fixed points of a Poincaré map, as described in section 2.2} The
model parameters used are the same used in the section |4.1.2]
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(a) Forward velocity 247 after convergence to a stable periodic gait
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(b) Apex height 2z after convergence to a stable periodic gait
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Figure 17: Self stabilization property of the SLIP template. The quantities on the
vertical axes of the plots refer to the flight apexes after the SLIP has converged to

a periodic gait. Each point of a curve represents a simulation in which the SLIP

managed to converge to a stable periodic gait.

4 PLANAR ONE-LEGGED ROBOT WITHOUT HIP JOINT 23



Simulation and Control of Running Models

By collecting the data only based on the nominal flight apex states after the con-
vergence and ignoring the initial conditions, the periodic stable gaits of the SLIP can
be plotted as a surface as shown in Figure Note that the fact that the periodic
passive gaits are distributed on a surface, so that for a fixed horizontal velocity there
are infinite gaits to choose from, is a particularity of the SLIP model and it does not
hold for more complex models, as it will be shown in the next sections.

SLIP periodic stable gaits

0.45 —

0.6

0.4

35 3, 0.3

. arp des (rad)
T (.._11’ (m/s)

Figure 18: Slice of the surface representing the periodic stable gaits of the SLIP.

4.1.4 Simulation of an unstable periodic gait

In this section, the simulation of an unstable gait is presented. The gait was found
numerically through the Poincaré maps method described in section [2.2] The Poincaré
section was chosen to be on the apex of the gaits. The states of the system during
flight are:

:c:[xc Te Z¢ 2. a Q r f}TEX (27)

The desired Poincaré section can be defined as the set of states in which the vertical
velocity is zero and the foot is not in contact with the ground:

Y={xeX|i=0nN z —rcos(a) >0} (28)

Note that this section satisfies the transversality condition with respect to the flow,
as the state of the robot only remains on the apex for the time instant in which z, = 0,
after which the gravitational acceleration causes the velocity to become negative.
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In defining the Poincaré map, a reduced state of the SLIP can be considered, as the
horizontal coordinate x. is not periodic and thus must not be included in the limit cycle
analysis, and the vertical velocity, the angular velocity and the leg extension velocity
are all identically null at every apex, z.*" =0 m/s, &*” = 0 rad/s and 74" = 0 m/s.
Finally r and « can also be removed, as during flight the leg spring is always at rest,
rAP = 1y and the leg angle is fixed o = arpdes- The reduced state is therefore simply

given by:
&= [t 2 €X (29)

Thus a Poincaré map P(&) can be defined that returns the states at the apex (k+1)-
th by starting from the k-th apex.

P(&) can be simply evaluated by numerically integrating the dynamics of the SLIP
between two successive apexes. Moreover, fixed points of P(&) correspond to passive
periodic gaits of the SLIP. In this work, the integration to evaluate the Poincaré
map was done via Simulink and its fixed points were found by using the Levenberg-
Marquardt optimization algorithm (LMA).

Figures |19 and [20| show the trajectories of the states in the phase plane and in time
of a passive gait found through the fixed point method. The initial states were set to
Tep = 2.26 m/s and 2z, = 0.9169 m and the desired leg angle to arp ges = 0.3011 rad.

The instability of the gait eventually causes the robot to fall to the ground after
ten steps. Figure shows the trajectory of the robot in space. Compared to the
stable gait shown in section [4.1.2] the robot jumps higher while advancing at a lower
horizontal speed.

0 4 5
é 2
- Q Q
£ Eo0 J1 E
‘3 -10 " =
-2
15 -4 5
-0.2 0 0.2 0 0.5 1 0.15 0.2 0.25
a (rad) z (m) r (m)

Figure 19: State trajectories of the SLIP template in the phase plane on the unstable
periodic passive gait. Markers indicate the states just after touchdown “T'D+" just
before lift-off “LLO-", the apexes “AP” and the bottoms during stance “BOT”.
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Figure 20: Plots of the state trajectories of the SLIP. The model was initialized on a
periodic gait found numerically with the Poincaré maps method.
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Figure 21: Ground reaction forces of the SLIP on the unstable passive gait.
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Figure 22: Unstable passive gait of the SLIP.

The fact that the periodic gait is unstable can also be confirmed by computing the
characteristic multipliers of the gait, which are the eigenvalues of the linearized map
P(x) around the fixed point, as described in section The eigenvalues of the map
are plotted in Figure One eigenvalue is in (1, 0i), which is caused by the fact that
the model is energy conservative [§]. The other eigenvalue is unstable and located at
(3.0842, 0i), meaning that the gait itself is also unstable.
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Figure 23: Eigenvalues of the unstable periodic gait of the SLIP.
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4.2 Pitching-SLIP

In this section, an extension of the SLIP model, denominated “pitching-SLIP”, is
considered. The pitching-SLIP model extends the simple SLIP model by adding a
dynamic equation that governs the pitch angle a during flight. Unlike in the SLIP
model, the leg touchdown angle can not be controlled arbitrarily during flight. Instead,
once the leg lifts off from the floor it keeps its angular velocity till the next touchdown
event. The leg is still modelled as without inertia, which means that there is no energy
loss at touchdown and the model is still conservative. However, the modified dynamics
introduce a new constraint that reduces the number of possible passive periodic gaits
by an infinity order.

4.2.1 Model and dynamics equations

The dynamics of the pitching-SLIP are described by very similar equations to those
of the simple SLIP template.

The flight dynamics present a difference in the equation that governs «, where now
the leg angular velocity & = const is in general non-zero:

Z.=0
Ze = —(
(30)
a=20
=Ty

The stance phase dynamics remain unchanged:

&= -2+ 2 sin(a)
T T
K (31)

2 — gcos(a) — ET(T —79)

r=1rq

The take-off transition is given by:

.J’_ =
xc - xc
.+ _ 2
Zc - Zc
(32)
ot =a
rt =0
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Finally, at touchdown, the states jump according to:

.

il =,
=2
| I S (33)
t = —=—cos(a” )i — —sin(a")z"
r
rT = —sin(a”)i} + cos(a™)iF

4.2.2 Simulation results

In this section, the results of a simulation of the pitching-SLIP model are reported.
The values used for the model parameter are reported in Table [4]

’ Parameter \ Value ‘
m 1.007 kg
K, 2000 N/m
To 0.23124 m
g 9.81 m/s”

Table 4: List of the numerical values assigned for the simulation of the pitching-SLIP.

Just like the SLIP, the pitching-SLIP can also exhibit passive periodic gaits. How-
ever, flying dynamics introduced in the pitching-SLIP mean that the only possible
passive gaits include somersaults, since the angular velocity is preserved at lift-off.
Once again, periodic gaits can be found with the fixed point method. The Poincaré
section was chosen to be the apex, so the same expression as in , reported here for
clarity, holds:

Y={xeX|i=0nN 2z —rcos(a) >0} (34)

Due to the leg angle dynamics, this time the reduced state for the Poincaré map is:

iz[x'c Ze « o'z}TEX (35)

Figures [25| and [24] show the trajectories of the states in time and in the phase plane
obtained in a simulation in which the pitching-SLIP was initialized on a periodic
gait. The robot was initialized on an flight apex with oy = 7, & = —9.648 rad/s,
Teo = 3.992 m/s and z, = 0.572 m. Similarly to the case discussed with the SLIP, the
gait here presented is unstable and eventually the robot falls to the ground. Figure
shows that the ground reaction forces have the same profile of the traditional SLIP
model, while Figure 27| shows the trajectory of the robot with somersaults in space.
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Figure 24: State trajectories of the pitching-SLIP template in the phase plane. Markers
indicate the states just after touchdown “TD+" just before lift-off “LO-", the apexes
“AP” and the bottoms during stance “BOT”.
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Figure 25: Plots of the state trajectories of the pitching-SLIP. The model was initial-
ized on a periodic gait found numerically with the Poincaré maps method.
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Figure 27: Unstable periodic motion of the pitching-SLIP.

The instability of the gait is again confirmed by computing the characteristic mul-
tipliers of the gait. The eigenvalues are plotted in Figure Similarly to the SLIP,
one eigenvalue is in (1, 0i), due to the conservative nature of the model. Another one
is located in the origin, while two are located on the real axis outside the unit circle,
making the gait unstable.

Im(X\)

Re()\)

Figure 28: Eigenvalues of the unstable periodic gait of the pitching-SLIP.
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4.2.3 Passive periodic gaits stability analysis

In this section, the periodic gaits of the pitching-SLIP are further analyzed. A search
of the fixed points of the Poincaré map by starting from varying initial guesses made
it possible to find a set of periodic gaits. When expressed in the nominal states at the
apex, the periodic gaits of the pitching-SLIP take the shape of the curve displayed in
Figure . The apex leg angle a2’ is not considered in the plot, as it is common for
all the gaits and set to o/ = 7. The stability of the gaits was inferred by linearizing

the Poincaré map around the fixed points as described in section [2.3]

max(|/A;ll) = 0.8 Stable max(||All) =1 Unstable max(||\]|) = 23

[m]

~AP
om

-100 &0 40 30 20 10 0

d}}({;, [rad/s]

I'..ll’

“nom

[m/s]

Figure 29: Geometric locus of the passive gaits of the pitching-SLIP. Every point of
the curve corresponds to the apex state of a different passive gait. The colouring is
based on the max ||\;||, as specified by the colorbar on top of the graph

The curve presents two different branches that merge at the gait with the maximum
apex height 2/ = 1.768 m. The existence of two branches makes it possible to select
two different gaits when fixing a parameter, for example two distinct gaits exist with
AP =15 m/s.

In the graph, stable gaits are displayed with shades between green and yellow,
whereas unstable gaits are depicted as red. The shading of the colour depends on
largest eigenvalue magnitude associated with each gait. Interestingly, the stable gaits
are all located on a single branch of the curve. Note however that one eigenvalue is
always located in (1, 0i) because the system is conservative. This eigenvalue was not
considered for the purpose of quantifying the stability. Moreover, the energy conser-
vation of the system could be used to further reduce the state @ for the Poincaré map
[8], which would probably make the eigenvalue in (1, 0i) disappear.

Figure shows the root locus of the eigenvalues of the linearized Poincaré map

around the fixed points of Figure 29, The eigenvalues were computed following the
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curve by starting from the left branch’s and ending at the right branch’s terminal
points. One eigenvalue stays fixed in the (1,0i) location, while another is fixed on
the origin. The third and fourth eigenvalues move along the real axis first away from
the origin, then towards the unit circle until they meet and split into two conjugated
complex branches that remain inside the unit circle.

O  Starting eigenvalue location
% Ending eigenvalue location

Figure 30: Root locus of the Jacobian matrix’s eigenvalues. The circles indicate the
starting locations and the red cross the ending locations. The eigenvalues were com-
puted following the curve displayed in Figure [29| by starting from the left branch’s and
ending at the right branch’s terminal points. The colours denote: the first (green),
the second (cyan), the third (orange), and the fourth (yellow) eigenvalues.

The periodic gaits of the SLIP and the pitching-SLIP can be compared by plotting
the following nominal states of the gaits: ofl , @2k 2P . As it can be seen in
Figure[31], the gaits of the extended model are a subset of the gaits of the simple SLIP:
the gaits of the pitching-SLIP form a curve lying on the surface that represents the
gaits of the simple SLIP. The fact that the two models have a common set of periodic
solution is due to the fact that they share the same stance dynamics. However, the
angle flight dynamics of the pitching-SLIP introduces a new constraint: the angular
velocity at lift-off must take the value that allows the leg to land after the flight
phase with the same angle it had at the previous touchdown as a necessary condition
for periodicity, whereas in the SLIP there is no condition on the angular velocity at
touchdown as « is fixed during flight. In summary, this means that in a one-legged
robot without hip in presence of a realistic flight phase, not all SLIP gaits can be
realized, but only a one-dimensional subset of them corresponding to the pitching-
SLIP gaits.
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Figure 31: Periodic gaits of SLIP and pitching-SLIP compared. The surface and the
red curve represent the periodic gaits of the SLIP and the pitching-SLIP respectively.

4.2.4 Energy and angular momentum control
4.2.4.1 Control goal

In this section, a controller to stabilize the passive running gaits with somersaults of
the pitching-SLIP is described. The key idea is to stabilize the passive gaits so that at
convergence the control effort tends to zero. First, an actuation force f acting along
the linear spring and an actuation torque 7 acting on the leg are added during the
stance phase. The modified differential equations for the stance phase become:

i=-2"a+7 sin(a) + . 5

r r mr (36)
. . 2 _ _ _’I" - o
P =rda° — gcos(a) - (r—mro) + -

while the flight dynamics remain unchanged.

The control approach consists in regulating the robot’s energy and angular momen-
tum around the foot so that they remain on the nominal values of a pre-computed
passive gait. This idea comes from the observation that in a passive gait the energy
of the system is invariant whereas the angular momentum around the foot is quasi-
invariant, as it only changes during the stance phase but always returns to the same
constant value at lift-off and for the subsequent flight phase.

The energy of the pitching-SLIP is given by:

1 1 1
E =mgz. + 5m7*2 + §m7'“20'42 + éK'r(r — 7“0)2 (37)

The pitching-SLIP is energy conservative, so the energy can only be changed through
the actuation effort, as expressed in the energy time derivative during the stance phase:

34 4 PLANAR ONE-LEGGED ROBOT WITHOUT HIP JOINT



Simulation and Control of Running Models

E=dar+7f (38)

The angular momentum around the foot is simply computed as

Iy =mria (39)

and its time derivative during the stance phase, given the dynamics equations ,
is

Iy = mgrsin(a) + 7 (40)

A simple controller that regulates the energy and the angular momentum around
the foot can be formulated as follows:

T = Dl : (lf — lf,des); (41)
f==76(E — Eges)r (42)

where D; and ~g are positive scalar gains and Eg.s and [y g.s are the desired values
for the energy and the angular momentum around the foot.

As anticipated, the desired values for the energy and angular momentum are chosen
from a passive gait of the model, which can be pre-computed by searching for fixed
points of a Poincaré map. By definition, the energy is invariant along a passive gait.
The angular momentum is time-varying during stance but, if the gait is passive, the
net tipping moment of the gravitational force is zero during each stance phase which
means the angular momentum at lift-off returns to the value it had at the previous
touchdown event. Thus, the angular momentum in a passive gait is invariant in all
the flight phases. A simple choice for the desired set-points is then:

Eges = Epgry (43)
L des = L7o (44)

The controller is validated numerically in the next section.

4.2.4.2 Simulation results of the pitching-SLIP

To test the controller, an unstable passive gait was selected. The initial conditions on
the apex are given by ag = 7, & = —44.120 rad/s, T, = 13.197 m/s and z, = 0.200
m.

The open loop simulation results of the passive gait are reported in Figure 32} Ob-
serve how the model slowly deviates from the nominal gait and falls to the ground
after 24 steps.
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Figure 32: Open-loop simulation of an unstable passive gait of the pitching-SLIP.

The same gait was stabilized using the controller — with gains D; = 6 s7!
and vg = 3 sm~2. Figure [33| shows that the controller stabilizes the robot bringing it

to a periodic gait.
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Figure 33: Closed-loop simulation of an unstable passive gait of the pitching-SLIP.
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Figure 34: Actuation force and torque in the closed-loop simulation of the pitching-

SLIP.

Consider now the case in which there is a disturbance on the initial horizontal

velocity, 62, = —0.3 m/s.

lead back the system close to the desired passive gait.

Figures and show that the controller is able to
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Figure 35: Closed-loop simulation of an unstable passive gait of the pitching-SLIP.
The initial condition was disturbed with dz. = —0.3 m/s.
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Figure 36: Actuation force and torque in the closed-loop simulation with the distur-
bance on the initial conditions.
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4.2.4.3 Modified controller

As one may observe from Figures and [36] the control input after convergence is
low, but it does not converge to zero. This also means that the system does not fully
converge to a passive gait, even though it is “close” to it. This is due to the gravity
term in equation , which always causes the angular momentum to act by trying
to compensate the change in [y. The related torque actuation also induces a change
in the energy derivative through the term &7. In this section, a modified angular
momentum regulator to overcome this problem is proposed.

From , it is known that the angular momentum derivative during a passive gait
stance phase (7 = 0) evolves according to:

if,nom = mgr sin(«) (45)

By integration, on a passive gait the angular momentum evolves according to:

Lt nom (%) l;pg;;n%—/ mgr(t) sin(a(t))dt (46)

where ¢ indicates the time elapsed since the beginning of the stance phase and the
time dependency of the variables was explicitly expressed for clarity. Since the angular
momentum during passive gaits is naturally time-varying and its nominal trajectory is
know , a time-varying desired set-point for the angular momentum can be defined
instead of using a constant desired value like in (44)):

Lt des(t) = L. nom(1) l?f;l—i-/ mgr(t) sin(a(t))dt (47)

With the time-varying set-point (47] ., the angular momentum regulator per-
forms a trajectory tracking task. Note that the integral in can not be explicitly
integrated as an analytical solution for the stance phase is not available, but it can be
numerically computed during the stance phase by measuring » and «. Also note that
in a passive gait l?g;;l lfgom, since both r and a have even symmetry with respect
to time in a nominal stance phase.

The simulation results of the closed-loop system with time-varying angular momen-
tum set-point are shown in Figures and 38 The same disturbance on the initial
conditions 07, = —0.3 m/s was applied. From the plots of the actuation force and
torques, it can be seen that the trajectory tracking of the angular momentum is effec-
tive in compensating the errors previously discussed and the controller effort converges
to zero.
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Figure 37: Closed-loop simulation of an unstable passive gait of the pitching-SLIP
with the controller modified to track the time-varying angular momentum.
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Figure 38: Actuation force and torque with the modified controller.
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Thus, the controller is able to stabilize pre-computed passive gaits with a residual
error after convergence in case of constant angular momentum set-point and with zero
error after convergence in case of time-varying angular momentum set-point. This is
reflected by the control effort after convergence.

However, by testing the controller in several scenarios, it has been concluded that
it is not capable of stabilizing all the passive gaits shown in Figure In particular,
slower gaits required higher gain values and for the “more unstable” gaits it was not
possible to tune the gains such that the closed-loop system was stable. Nonetheless,
the controller is capable of stabilizing passive gaits in a wide range of velocities.

4.3 Body-SLIP

As a further extension of the pitching-SLIP model, an inertia J. can be added to
the leg. Such a model is object of study of this section and is hereby referred to as

“body-SLIP”.

4.3.1 Model and dynamics

Equations — describe the dynamics of the body-SLIP. The flight dynamics

and lift-off transition equations remain unchanged, while the stance and touchdown

equations are affected by the newly introduced leg inertia. A preload on the spring with

force equal to the robot’s weight mg was also added, so that the spring is compressed

at the leg’s natural length r = ry and the spring actual resting point is r = r0+mg/K,..
The flight dynamics are described by:

;

T.=0
Ze = —4
(48)
a=0
r=T"To
\
The stance dynamics are:
3} 2mri . mgrsin(a) T
o =— Q
2 2 2
J.+mr J.+mr J.+mr (49)
. ) r
= 1— _ T L
i =ra” 4 g(1 — cos(a)) - (r—ro) + -
At lift-off, the states jump according to:
(i =i
=z
(50)
at =a"
rt =0
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Finally, the touchdown transition is given by:

( J.cos(a™)
s+ — = &
Le Le Jc _i_(mrj Hrp
Jesin(a™
=gy -2
c c Jc i m’f‘2 ) (51)
Gt =6 — — g
Je + mr? Hrp
rt = —sin(a”)z} + cos(a”)zf

\

where 7 is the energy dissipation coefficient [14], defined as:

prp =71 & +cos(a” )i, +sin(a”)z, (52)
Unlike the SLIP and the pitching-SLIP, the body-SLIP is not energy conservative.

In fact, energy is in general lost at touchdown. The only case in which no energy lost
at touchdown is when p;., = 0.

4.3.2 Passive Gaits of the body-SLIP

An analysis of the periodic gaits of the body-SLIP is presented in this section. For
the search of the periodic gaits, the same reduced state and Poincaré section used for
the pitching-SLIP as described in section were used. The numerical values used
for the simulations are reported in Table

\ Parameter \ Value \
m 1.007 kg
K, 2000 N/m
70 0.23124 m
J. 0.001 kgm?
g 9.81 m/s”

Table 5: List of the numerical values assigned for the simulation of the body-SLIP.

The periodic gaits of the body-SLIP are represented in Figure [39 Like for the
pitching-SLIP, the apex leg angle aA” is not considered in the plot, as it is always

aAP = 7. The gaits found are all characterized by g, = 0, which is a necessary

nom
condition for the gait to be passive, since the energy of the robot must remain constant.
This constraint was not manually forced but was automatically satisfied by searching
for the fixed points of the Poincaré map.

By linearizing the Poincaré map around the fixed points, all gaits were found to be
unstable. This was to be expected, as a perturbation of a periodic passive gait leads to
a landing with 1., # 0, causing a loss of energy which can not be recovered without
actuation input.
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Figure 39: Geometric locus of the passive gaits of the body-SLIP. Every point of the
curve corresponds to the apex state of a different passive gait. All the periodic gaits
are unstable.

4.3.3 Simulation of the body-SLIP with controller
4.3.3.1 Simulation 1

In this section, the controller based on energy and angular momentum regulation
described in section is applied to the body-SLIP. The selected passive gait is
given by the following states at the apex: a = m, & = —28.98 rad/s, &, = 8.637 m/s,
2z =0.2303 m.

The control gains were set to D; = 30 s™! and vz = 18 sm™2. For the desired
angular momentum, the time-variant set-point was used. The robot was initialized on
the passive gait with an additional disturbance on the horizontal velocity, 2. = +0.05
m/s.

The evolution of the states of the robot is reported in Figure 40l The controller
successfully stabilizes the robot. However, the control effort does not converge to
zero, unlike in the simulations with the pitching-SLIP. Instead, a residual control
effort remains after convergence, as shown in Figure 41} This is most likely caused by
the energy losses at every touchdown. In fact, observe in Figure 42| how the energy
dissipation coefficient does not converge to zero, meaning that even at steady state
energy is lost at every touchdown. It was also verified that even without the initial
disturbance the controller stabilizes the robot without converging to the exact passive
gait and the residual effort at steady state is the same.

Finally, the ground reaction forces are displayed in Figure [43]
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Figure 40: Closed-loop simulation of an unstable passive gait of the body-SLIP with
initial disturbance 0z, = 40.05 m/s.
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Figure 41: Actuation force and torque in the closed-loop simulation of the body-SLIP.
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Figure 42: The energy dissipation coefficient does not converge to zero, causing energy
loss at every touchdown event.
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Figure 43: Detail of the ground reaction forces at the beginning of the closed-loop
simulation of the body-SLIP.

4.3.3.2 Simulation 2

For completeness, another simulation of the body-SLIP is reported in this section.
The passive gait was selected to be closer to the one used for the pitching-SLIP in
section [4.2.4.3] with a =7, & = —43.914 rad/s, &. = 12.864 m/s, z = 0.2046 m. This
gait is “less unstable” than the one used in the previous section and it was possible to
stabilize it with lower control gains: D; = 6 s~* and 7z = 3 sm~2. Again, the robot
was initialized on the passive gait with an additional disturbance on the horizontal
velocity, 02, = +0.1 m/s. Figures 44| and 45| show the states and the actuation effort
of the robot.
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Figure 44: Closed-loop simulation of an unstable passive gait of the body-SLIP with

initial disturbance 02, = +0.1 m/s.
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Figure 45: Actuation force and torque in the second closed-loop simulation of the

body-SLIP.
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In conclusion, the proposed control algorithm is able to stabilize the otherwise un-
stable body-SLIP by using the robot’s passive gaits as reference trajectories. Even
though the closed-loop simulations do not converge to exact passive gaits, the result-
ing control effort at steady state is low. Like in the case of the pitching-SLIP, there
are limitations in the control approach. The approach relies on pre-computed periodic
gait of the robots in order to use their energy and angular momentum as reference.
However, such gaits do not appear to exist or it was not possible to find them at lower
horizontal velocities. Moreover, the controller was able to stabilize only a subset of
the periodic gaits obtained numerically.
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5 Planar one-legged robot with hip

5.1 Model of the robot

In this chapter, two different approaches to control the locomotion of a planar one-
legged robot with a body connected through a hip revolute joint to the leg are dis-
cussed. The robot model considered is the one depicted in Figure 46 This model
was studied by Thompson and Raibert in [5], where they showed that it is capable
of running passively. Further studies were conducted in [16], [15], [22] and [14], all of
which focus on formulating controllers capable of stabilizing the passive running gaits
of the one-legged robot.

In this section, the equations of the dynamics are briefly reviewed. Hereby, the
hybrid nonlinear formulation of the model as described by Hyon and Emura in [14] is
considered.

The hopper model extends the ones previously discussed by adding a body link with
mass m;, and inertia J,, which is connected to the leg via a revolute joint. The leg also
has its own mass m; and inertia J;. The inertias J, and J; are both referred to the
hip revolute joint. The center of mass of the robot is located at the hip revolute joint.
Between the body link and the leg, a rotational spring with stiffness K}, is inserted.
The foot’s mass is considered to be negligible and the foot is therefore modelled as
massless. No damping or friction is present in the system. Finally, a linear force
actuator can act with force f along the leg prismatic joint, whereas a torque motor
can exert a torque 7 between the body link and the leg.

Figure 46: Planar one-legged hopper model with a body attached to the hip revolute
joint.

A description of the parameters and variables of the model and the values used for
its simulation are summed up in the tables [6] and [7]
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’ Parameter \ Description \ Value ‘

m Total mass of body and leg | 1.007 kg

Ji Leg’s inertia 0.002 kgm?
Jy Body’s inertia 0.008 kgm?
K, Leg stiffness 2000 N/m
K Hip stiffness 1 Nm/rad
ro Leg resting length 0.23124 m
g Acceleration of gravity 9.81 m/ =

Table 6: List of the numerical values assigned for the simulation of the robot.

\ Variable \ Description \
Te, Ze Center of mass coordinates in the inertial reference system
Tf, 25 Foot’s coordinates in the inertial reference system

10) Absolute body’s orientation angle
o Absolute leg’s orientation angle
r Leg length

f Leg actuation force

T Hip actuation torque

Table 7: Description of the varaibles of the planar one-legged robot with body link.

As in the previous models, the ground is modeled as infinitely rigid and the friction
coefficients are assumed to be big enough so that the ground’s reaction force is always
contained in the friction cone. The equations (53))-(54)) describe the flow dynamics of
the flight and stance phases and equations — describe the transitions of the
states at the events of lift-off and touchdown.

During flight, the robot’s center of mass follows a ballistic trajectory and the angular
momentum of the system is preserved. There is no oscillation along the leg prismatic
joint thanks to the hypothesis of massless foot.

(

Z.=0
'Z;c =—g
Jio + Jbé =0 (53)

oo+ Kp(¢p—a) =7

T =To

\

During the stance phase, the system evolves according to . In this model, the

5 PLANAR ONE-LEGGED ROBOT WITH HIP 49



Simulation and Control of Running Models

linear spring on the leg is preloaded with a force equal to the robot’s weight.

(

mit + K, (r —ro) — mré® = f +mg(1 — cos(a))

3 (i 4+ mrd)a + Jyp + 2mria = rmgsin(a) (54)

Jop+ Kn(p—a) =7
\

In the equations (b5) and describing the phase transitions, the subscript no-
tations “-” and “+” indicate respectively the states before and after the phase is
switched. At the lift-off transitions, the states velocities remain unchanged with the

exception of 7.
(

Ty =i,

=2

at =a (55)
ot =9

=0

\

At the touchdown transition, the states change according to the hypothesis of in-
elastic impulsive impact:

( Jp cos(a™
TS =, - t]{;'b'_{_—((,n,rg))uTD
, , sin(a
i =z - mﬂﬂj
Qr=an - Tmr2 e (56)
¢t =9
7T = —sin(a”)} + cos(a)ZF

\

where ., is defined as:
prp =1 & +cos(a” )i, +sin(a”)z, (57)

The coefficient ji;., is denominated energy dissipation coefficient and it can be shown
that the energy loss at touchdown is proportional to its squared value:

207, + mrd) TP

As a consequence of (58)), a necessary condition to achieve energy-preserving passive
gaits is:

AErp=FE"—E = — (58)

pp =0 (50)
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The lift-off transition occurs during stance when the leg extends back to its resting
length 7o, whereas the touchdown transition occurs during flight when the foot’s ver-
tical position reaches zero. Note that the transitions not only determine a change of
the dynamics but also cause jumps in some of the state velocities. In particular, at
lift-off there is a jump in the leg radial extension velocity, which is always zero during
flight due to the assumption of massless foot, while at touchdown all the velocities
are subject to discontinuities with the exception of the energy lossless impact case, in
which the energy dissipation coefficient is zero (59)).

For the forward hopping control of the planar robot, two different approaches are
described in the following sections. One approach is based on passive dynamics and
exploits the stiffness of the hip, while the other directly applies torques to the hip and
only uses the spring on the prismatic joint to store energy.

5.2 Forward hopping with body attitude control
5.2.1 Hopping controller based on the foot placement algorithm

The controller here described is inspired by the work of Raibert in [13]. Changes to
the equations have been made in order to adapt it to the planar one-legged robot
described in section which is simpler than the one used in the original paper in
which the controller was described. Firstly, the hypothesis of having the robot’s center
of mass located on the hip revolute joint simplifies the calculations necessary for the
foot placement algorithm. Secondly, the actuation of the leg is here modeled as a direct
force actuation in parallel with the spring, instead of modelling a spring displacement
actuation.

In the entirety of section , the hip spring stiffness is set to zero, K, = 0 Nm/rad.
Instead of exploiting the spring’s passive dynamics to swing the leg back and forth, the
approach here described directly applies a torque to the leg through the hip actuator
both during the flight phase and the stance phase.

The controller is decomposed into three separate tasks:

1. An energy regulator that achieves the desired hopping height by adjusting the
linear spring actuator on the leg during the stance phase.

2. A controller active during the stance phase that uses the hip actuator to achieve
a desired body attitude.

3. A controller active during the flight phase that uses the hip actuator to swing
the leg in order to adjust the foot placement with respect to the center of gravity
(CG) printﬂ at touchdown. The purpose of this part is to regulate the forward
horizontal velocity of the center of mass of the robot by exploiting the gravity’s
net tipping moment during the subsequent stance phase.

The vertical control task can be achieved in the same way as described for the one-
dimensional case described in section However, instead of considering the total
energy of the system for the purpose of energy regulation, only the ”vertical energy”

IThe terminology CG print hereby indicates the projection of the center of gravity on the ground,
as described in [I3].
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E, is used. This choice is based on the fact that the horizontal kinetic energy remains
unchanged from lift-off to the apex and does not affect the apex height and on the
simplifying assumption that the rotational kinetic energies are negligible, which is
especially accurate in the case of movements that are primarily vertical.

Thus, the force to be applied by the linear leg actuator during stance is given by:

f = —TE- (Ev - Ev,des) T (60)

where vg is a positive gain and the vertical energy F, is computed as:

1 5 1 mg 2
E,=mgz.+ gmée + §KT <r o Kr) (61)
where in the computation of the elastic energy the spring preload is considered.
Similarly to the one-dimensional case described in section [3, the vertical controller
can be modified with a saturation.
The desired vertical energy is simply given by the gravitational potential energy at
the desired apex height:
Ev,des = MYGZc des (62)

The second task controls the body’s attitude during stance by applying a simple
proportional-derivative feedback torque control on the hip actuator to lead the body
angle ¢ to a desired value @ges:

T =Ky (baes — ¢) — K- (9) (63)

where Ky and K are positive gains.

Finally, the forward velocity control is obtained by placing the foot with respect to
center of the CG print, also denoted as neutral point. Firstly, the desired foot position
Tg4es With respect to the robot’s center of mass can be computed as:

Tdes = Terr + jCG = Kz . (xc - i'c,des) + ijG (64>

where Z.,.. represents the deviation or error from the neutral point Z¢og and it is
computed with a proportional feedback term on the desired horizontal velocity of the
center of mass of the robot @ 4.5 through the positive gain K.

The center of the CG print in can be estimated by measuring the time duration
of the previous stance phase and the horizontal velocity during flight with the following

expression:

1
Tog = Ej;cTs (65)

Note that in the equations and , the bar notation on the variables Z¢¢ and
Tqes signifies that the coordinates are expressed with respect to the robot’s center of
mass (1e J_ICG = Tog — T¢ and Tdes = Ldes — JIC).

By applying the inverse kinematics of the robot, the desired leg angle at touchdown
can be easily computed as:

. 'fdes
Q7D des = Arcsin < (66)
r
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The leg is swung forward or backward during flight through a simple proportional-
derivative feedback torque control on the hip actuator to lead the leg angle a to the

value arp ges computed in :
T = Ka : (a/TD7des - O!) - Kéc . (a) (67)

where K, and K, are positive gains.
Figure [47| clarifies the positioning of the foot with respect to the CG print.

z (m)

03—

0.2

01

é

|
|
|
|
!

L 1 L T (m)
1.8 2 Tog' 'Tdes

Figure 47: Drawing showing the variables used for the foot placement algorithm. The
CG print is the segment of the ground between the two green dots and its middle point
is denoted with zcog.

5.2.2 Simulation results
5.2.2.1 Hopping at constant velocity

In this section, the simulation results of hopping with constant velocity are reported.
The gains for the controller and the desired quantities were set as reported in Table
and the robot was initialized in stance phase with the initial conditions reported in
Table [
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‘ Variable ‘ Description ‘

VE 30 Ns/Jm
K; 0.008 s
K, 6 Nm/rad
K, 0.9 Nms/rad
K, 50 Nm/rad
K, 3 Nms/rad
Ze,des 0.3 m
¢des 0 rad

Te des 1.3 m/s

Table 8: List of numerical values assigned to the feedback gains.

| Variable | Description |

@ 0.1672 rad
&y -4.2451 rad/s
oo -0.2363 rad
%o -0.0023 rad/s
0 0.2312m
To -1.3493 m/s

Table 9: Initial conditions for the simulation of hopping at constant speed.

0.3

[

E o2t

01T

Figure 48: Trajectory of the robot performing running at constant speed with the foot
placement algorithm described by Raibert.

Figure 48| reports the trajectory performed by the robot in space along with some
snapshots of the model configuration. From the trajectories the asymmetry of the
movement is evident: the body remains tilted forward during the locomotion and the
leg is not vertical at the apexes. In this example, the desired apex height of z. 4.s = 0.3
m and forward velocity #.q4es = 1.3 m/s are reached, but the body attitude during
stance is not exactly zero as prescribed. Different trajectories can be obtained by
changing the gains and the desired set-points.
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Figure[49shows the plots of the states of the model. The areas with gray background
indicate the stance phases. Discontinuities are present in the velocities @, 2., & and
¢ at every touchdown event as the impacts occur with a non-zero energy dissipation
coefficient jir., # 0.
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Figure 49: States of the robot while running at speed #.g4.s = 1.3 m/s. The desired
apex height of 2z, 4.5 = 0.3 m and forward velocity &4 = 1.3 m/s are reached. The
body attitude ¢ does not reach the desired set-point of zero but remains negative
instead.

The model was initialized to be already on a converged closed-loop gait. The pe-
riodicity of the gait is highlighted in Figure |50l where the states are plotted in the
phase plane. The orbits are closed as the states return to their previous value after the
completion of a step period. Figure [51| shows the leg and body angles at touchdown
and lift-off. The angles remain at fixed points because the simulated closed-loop gait
is periodic.

The actuation force and torque are shown in Figure The force f was limited to
positive values through a saturation in the controller. The plot highlights the presence
of high peaks in the torque control during stance.

Figure [53| shows the ground reaction forces during the hopping at constant speed,
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while Figure [54] shows the time evolution of the energy in the system.
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Figure 50: States plotted in the phase plane. The orbits are closed as the states return
to their previous value after the completion of a step period. The pair (z., %.) was
omitted as x. is monotonically increasing and thus non-periodic.
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Figure 51: Leg and body angles at touchdown and lift-off. The angles remain at fixed
points because the simulated closed-loop gait is periodic.
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Figure 52: Actuation force and torque. The force f was limited to positive values
through a saturation in the controller. The body attitude controller requires high
peaks at the beginning and ending of each stance phase.
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Figure 53: Ground reaction forces acting during the hopping at constant speed with
the foot placement algorithm.
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Figure 54: Energy time evolution during the hopping at constant speed with the
foot placement algorithm. FEj; is the kinetic translational energy, E,, the potential
gravitational energy, F, i, the potential elastic energy of the linear spring, E, xp, the
potential elastic energy of the polar hip spring and Ej,, kinetic rotational energy. Note
that E, k, = 0 as K, is set to zero in this section.

5.2.2.2 Hopping from point A to point B

In this section, the results of a simulation demonstrating the versatility of the locomo-
tion controller based on the foot placement algorithm are shown. In the simulation,
the robot is initialized from a standing position. It is then commanded to go reach the
point Z.g4s = 1 m. A control in the position can be achieved by setting the desired
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velocity depending on the distance from the desired point and saturating it with a
maximum velocity value @ paq:

jjc,des = mln(Km : (:L'c - :L'c,des)a ic,max) (68)

where K, is a positive gain, as done in [I3]. For the simulation, the control gains
used were the same of Table |§| together with K, = 0.2s~! and Temar = 1 m/s. Higher
values for K, and @ q, Will lead to a faster approach to the desired set-point but can
also cause overshoot.

Figure shows how the states of the robot evolved during the simulation. The
robot initiates hopping by starting from a resting position, accelerates till reaching a
velocity of about 0.13 m/s and then decelerates to stop at = 1 m, where it keeps
hopping vertically.
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Figure 55: States of the robot as it travels from =0 m to z = 1 m.

Figure shows the states in the phase plane, while Figure shows the leg and
body angles at touchdown and lift-off. The angles converge to fixed points in the origin
after the robot reaches the desired set-point and hops vertically with o = 0 and ¢ = 0.

The actuation force and torque are shown in Figure |58 The hopping initialization
requires relatively high actuation forces f. After the robot reaches x = 1 m, f con-
verges to zero as no further energy losses are present in the vertical hopping. The hip
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torque reaches values of more than 3 Nm during movement, even though the maximum
speed was only about 0.13 m/s.

Figure 59| shows the energy of the robot. It rises from a minimum corresponding to
the resting position and converges to a constant value when the robot reaches x = 1
m.
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Figure 56: States of the robot in the phase plane as it travels from z =0 m to z =1
m.
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Figure 57: Leg and body angles at touchdown and lift-off. The angles converge to fixed
points in the origin after the robot reaches the desired set-point and hops vertically.
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Figure 58: Actuation force and torque.
through a saturation in the controller.
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high actuation forces f.

The force f was limited to positive values
The hopping initialization requires relatively
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Figure 59: Energy of the robot. It converges to a constant value when the robot
reaches. Fj, is the kinetic translational energy, E, ;, the potential gravitational energy,
E, k. the potential elastic energy of the linear spring, £, x, the potential elastic energy
of the polar hip spring and Ej, kinetic rotational energy. Note that F, g, = 0 as K},
is set to zero in this section.

5.3 Stabilized passive running

In this section, a control approach to stabilize the passive running of the planar one-
legged robot with hip and body link is described. First, the passive gaits of the robot
found through the search of fixed points of the Poincaré map are briefly analyzed.
Then, the control approach, which is based on [I4], is reviewed and extended with
continuous actuation torques, to perform velocity tracking and to stabilize the robot in
the presence of damping in the joints. Simulation results are presented and commented.

5.3.1 Initial conditions for passive running

The model of the robot here considered is the one described in section (.1l Unlike in
section , the hip compliance is enabled with K;, = 1 Nm/rad.

For the hopper to achieve passive running, it must be initialized with appropriate
initial conditions. Hereby, the approach described for the initialization in order to
obtain approximated periodic solution is derived from Hyon’s and Emura’s work [14].

Consider the case in which the robot is initialized immediately after the touchdown
event, “TD+”. The initial conditions can be parameterized with respect to an arbi-
trary starting leg angle oy and horizontal speed x.. The equations used to initialize
the model in this section are an approximation of periodic passive gaits. Moreover,
even though a pair of initial states (&, ) is used as free parameters, there is only
one value of ag that achieves a quasi-periodic gait and minimizes the state differences
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between the step k£ and k + 1 for a given value of ., as it will be discussed in the last
part of this section.

First of all, the initial leg length is equal to its resting length, ry. Let now €2 be the
natural oscillation frequency of the hip spring defined as:

Q, = \/Kh (Jlb + %) (69)

QQy, is the frequency, expressed in rad/s, at which body and leg counter-oscillate
in their non-trivial mode of vibration (the trivial case is when body and leg rotate
together at the same constant angular speed).

It is now assumed that the period of a whole step is equal to the period of the hip
natural oscillation, so that the leg swing can be synchronized with each step while the
body counter-oscillates. This hypothesis yields:

Qh . Tstep = Qh : (Tf + TS) =27 (70)

where T, is the step period and 7% and T are the flight time duration and the
stance time duration respectively.

The stance duration can be approximated with half the period of the natural spring
oscillation along the prismatic joint of the leg when the robot is in stance, which is
accurate in the case near the vertical hopping movement, where o =~ 0:

™ s

Ty — = —— 71
Qr \/ Kr/m ( )
where €2, is the natural frequency of the linear mass-spring oscillator of the leg spring
and the robot’s mass.
From [70] the time of flight can be computed as:

2 2 1
Ty =2 T, = = _ — 72
= ™ (Qh Qr) (72)
Since in the passive gaits the vertical velocity at touchdown is assumed to be equal
in module and opposite in sign with respect the one at lift-off, the center of mass of
the robot travels along a symmetric arc of a parabola during flight and 7% can be also
computed as:
Zlo z Zq
TfZQ.L:_Q.Ld:_Q._O (73)
g g g
Combining and , the initial vertical velocity at touchdown can be computed
as:

. q T 2 1
0= T A 2 (Qh Q) (74)

Imposing now the condition of energy lossless impact at touchdown , the initial
angular velocity of the leg can be computed:
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o — —rio(jzo cos(ag) + 2o sin(ao)) (75)

The body and the leg counter-oscillate with the hip natural frequency 25, so the
initial body orientation can be computed from « as:

J
¢0 = —72050 (76)
Similarly, for the angular velocities:
; Ji .
= —— 77
Po Jy Qo (77)

The condition ([77)) also implies a zero total angular momentum during flight.
The remaining initial state to be computed is the initial radial velocity, which is
simply given by:

7'"0 = 200 COS(O[0> — icO Sil’l(Oéo). (78)

It is important to note that due to the approximation of the stance duration in ([71)),
the initialization of the states described in this section does not give exact solutions of
passive periodic gaits. This was also empirically confirmed by searching numerically
for couples of (Z., ap) that yield exact periodic solutions with the above approxi-
mated parametrization: no exact fixed points of the Poincaré map could be found.
Nonetheless, this method to compute approximated periodic solutions is very useful
to initialize the model close to actual periodic without needing to search for periodic
gaits numerically, so that a convergence to the actual periodic solution can be achieved
through the controller described in section [5.3.2]

Figure |60 shows the pairs of (Z.9, o) that are the closest to periodic gaits with the
initial conditions parametrization described in this section, together with the error
on the states after one step. The values are also compared to those obtained by
numerically searching for periodic gait by optimizing on the (&9, ag, Z.0) variable set
and using the parametrization described in this section for the remaining variables.
The touchdown event was selected as the Poincaré section to find fixed points.
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Figure 60: Comparison between the initial conditions using the gait search algorithm
based on Poincaré maps: the blue curves were obtained by optimizing on the free
parameters (., o), whereas the red curves are the result of the optimization on (.,
Qp, Ze0). In the lower plot, the term ||& — &|| indicates the norm of the difference
between the states at the initial touchdown event and the subsequent one. Observe
how the numerical solutions without the approximation lead to a much smaller (almost
zero) error in the states after one step.

The numerical solutions allow to avoid the approximation introduced in and lead
to significantly smaller errors in the states after one step, as it can be seen in the lower
plot of Figure [60] This is also confirmed by simulating the gaits: those obtained with
the approximated method fall after a few steps. Figure [61| compares two passive gaits
with almost equivalent running speed, one obtained with the approximated method
(o = 1.520 m/s, ap = 0.213 rad, Z,0 = —0.887 m/s) and the other numerically
(2o = 1.530 m/s, ap = 0.202 rad, Z,0 = —0.946 m/s). Observe how the approximated
solution falls after only five steps. Note that also the more accurate passive gait
eventually falls due the disturbances caused by numerical integration and small errors
in the initial conditions, however this only happens after 27 steps. The fall is caused
by the inherent instability of the system.
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Figure 61: Comparison between an approximated gait (bottom drawing) and one
obtained through numerical optimization (upper drawing).

The stability of the periodic gaits can be assessed by computing the eigenvalues
of the linearized Poincaré map. Figure shows the root loci of the characteristic
multipliers of the periodic gaits with horizontal flight velocity going from 0 m/s to 3
m/s. At least one of the eigenvalues is always outside the unit circle, meaning that
the periodic gaits are not stable.

O  Starting eigenvalue location Im(A) 13
X Ending eigenvalue location

Figure 62: Root loci of the characteristic multipliers of the periodic gaits with hor-
izontal flight velocity going from 0 m/s to 3 m/s. At least one of the eigenvalues is
always outside the unit circle.

In the next section, a controller capable of stabilizing such passive gaits is described.
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5.3.2 Non-dissipative touchdown control

The controller chosen for this study is the non-dissipative touchdown control described
by Hyon and Emura in [14]. It applies a piece-wise torque at the hip motor of the
robot during flight to achieve a desired touchdown leg angle 4 4.5 and angular velocity
Ciddes- 1The main idea of the controller is to compute the leg touchdown angles based
on the previous lift-off angles. This is achieved with equation , which computes the
average of two past lift-off angles. The positive integer variable k is here used to refer
to the k-th step in the running of the robot, whereas the positive integer parameter p
is used to select different steps in the past for the averaging of the lift-off angles.

1 .
— é(alo(k) + Oélo(k — p)), itk > p

— ayo(k) otherwise

atd,des(k) - (79)

Three interesting cases of equation can be obtained by changing the value of
the parameter p:

1. p = 0: The desired touchdown angle is equal to the mirrored previous lift-off
angle? atd,des<k) - _Oélo(k).

2. p = 1: The desired touchdown angle is the average of the previous two lift-
off angles. This is equivalent to applying the bisection method and makes the
system converge to periodic solutions, as it will be shown in section |5.3.3

3. p = 2: The desired touchdown angle is the average of the previous lift-off angle
and the one of two jumps earlier. This approach converges to quasi-periodic gaits
in which the steps lengths alternate between two values and the pseudo-period
consists of two running steps instead of one (also called two-periodic gaits or
'wobbling’ gaits).

Figure [63| clarifies the notation with the index k.

_ 2m — ay,(k — 2) Z‘ _ 2T — g, (k)

Figure 63: Snapshots taken from a running gait of the one-legged robot. As it can
be seen in the drawing, the angles ay,(k) and ayq(k) refers to the lift-off immediately
before and the touchdown immediately after the k-th jump.

Once the desired touchdown angle is selected, the desired leg angular velocity can be
computed so that the energy lost at touchdown is zero, which is a necessary condition
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to achieve passive running. To do so, the energy dissipation coefficient must be zero:

pirp =0 (80)

Which implies:
Ctd,des = _7"_10 (Z4q— cOS Qg + Z1q— Sin aiyq) (81)
Now two cases will be analyzed: the simple case in which g 4es(k) = —auo(k) (p =0

or p = 1 after convergence), in which the flight phase is symmetrical and the general
case in which ayq 4es(k) # —ayo(k) and the flight phase is asymmetrical. Note that the
case g des(k) # —auo(k) is only relevant when the robot has not converged yet to a
periodic gait and is still adapting the desired touchdown angles by computing averages
over the previous lift-off angles.

The equations here described assume that there is enough clearance to swing the leg
forward without causing the foot to stub on the ground.

In the case in which the flight phase is symmetrical, the time of flight of a step is
given by:

zlo
T, =2-— 82
7 J (82)
and the following relations hold:
Ztd— = —Zloy  Ttd— = Tlo (83)

By substituting the relations in , the desired leg angular velocity for the
symmetrical flight case at touchdown is equal to the one at lift-off:

dtd,des = dlo (84)

In the more general case aygges(k) # —auo(k), the time of flight can be computed by
adding a At with respect to the expression in (82)):
* Zlo

where the quantities in the asymmetric case are denoted with the “*” superscript.
At is computed as:

1
At = — (—Zlo + /22 — QgAzC) =
g
1

= <_le /2 — 20r0(cos(auaes) - cos(aw))) "

Here, At and Az are the differences in time and fallen height with respect to the
symmetric flight case, as shown in Figure
In the general case:
Z:df = _Zlo — gAt, j?;kdf = x‘lo (87)

which, when substituted in , yields the general equation to compute the angular
velocity from the states at lift-oft:
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. 1. . .
Qg des = —r—o(xlo COS Qg des — (210 + GAL) SIN Qg ges) (88)

Go - T}

0.25 -
Az,
0.2 -
E
N
0.15
01
0.05 [ arp
0
| | | | |
0 0.1 0.2 0.3 0.4
x (m)
Figure 64: Comparison between the symmetric case qigges(k) = —auo(k) and the

asymmetric case Qg des(k) # —uo(k).

In practice, in the controller the equation can be always used to compute the
desired angular velocity while the expression can be used to compute the flight
time at lift-off. Once the desired touchdown leg angle and angular velocity are deter-
mined at lift-off, exact non linear dynamics can be used during flight to achieve them
through a “bang-bang” piece-wise torque control. A constant torque 77 is applied for
half of the flight time and then a constant torque 75 is applied for the remaining part
of the flight. The torque profile used during flight is represented in Figure [65 The
values for 71 and 7, can be computed through the formulas reported in the Appendix

B.1
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T(t) N
To{————
N
T2 T¢ t
T

Figure 65: Piece-wise constant torque profile applied during flight. 7 and 75 can both
be either positive or negative.

The equations described so far allow to achieve periodic running gaits, in particular
by using and and applying the necessary torques during flight. The gaits thus
obtained are in general not passive. In order to obtain a passive gait, the control effort
must converge to zero. One possible approach is to adapt the hip natural oscillation
frequency:

Uk —1)+yq-Ar(k—1) ifk>1

Qh(k) = 1 1 (89)
K, (jb + Z) otherwise

where ~q is a positive gain and A7 (k) is computed as:

AT(k) = 1a(k) — 11 (k) (90)

Equation can be implemented in practice by acting on J,, J; and/or K}. For
example, the stiffness K} could be changed through the use of a variable stiffness
spring, while the leg inertia J; could be changed by stretching an eventual knee on the
leg. In the simulations discussed hereafter, it is assumed that Kj can be arbitrarily
controlled and thus the hip natural oscillation frequency can be adapted.

As an alternative to , an adaptive control can be implemented through a force
on the linear actuator during the stance phases:

J(k) = 5 - sign(Ar(k — 1)) - Ar(k - 1) (91)

where 7 is a positive gain.

5.3.3 Simulation results

The physical parameters of the robot were set according to Table [6]

5.3.3.1 Actuated periodic gait with p =1

In this section, the simulation results without the spring adaptation law and with p = 1
are reported. The robot was initialized at touchdown with the parameterized initial
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conditions as described in section with ap = 0.155 rad and . = 1.3 m/s. The
results are shown and commented in Figures [66] - As highlighted by the Poincaré
map images at touchdown and lift-off of Figure [69 and the states in the phase plane in
Figure the robot converges to a periodic gait. However such gait is not passive as
it can be deduced by the non-zero actuation effort in Figure [70] and the non-constant
energy of the robot in Figure

w
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Figure 66: States of the robot during the last part of the simulation. In this time
frame the robot has already converged to a periodic actuated gait.
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Mechanical Energy
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Figure 67: Energy of the robot. The total energy oscillates after convergence to
a periodic actuated gait. Ej; is the kinetic translational energy, £, , the potential
gravitational energy, F, i, the potential elastic energy of the linear spring, E, x5, the
potential elastic energy of the polar hip spring and Ej, kinetic rotational energy.
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Figure 68: State trajectories in the phase plane. The red lines indicate the orbits after
convergence to a periodic gait.
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Figure 69: Poincaré maps of the robot angles at the events of touchdown and lift-off.

The angles converge to fixed points.
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Figure 70: Control effort represented by 71 and 7. Both values eventually converge

to a constant.
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Figure 71: Stance and flight times. Both values eventually converge to a constant.

5.3.3.2 Actuated two-periodic gait with p = 2

In this section, the simulation results without the spring adaptation law and with p =
2 are reported. The robot was initialized at touchdown with the parameterized initial
conditions as described in section with ap = 0.155 rad and &, = 1.5 m/s. The
results are shown and commented in Figures [72] - [7T§] The Poincaré map images at
touchdown and lift-off in Figure[76]show how the angles converge to two fixed points as
the robot converges to a two-periodic gait. In the phase plane in Figure[75], the states
converge to orbits that circle around the origin two times before closing themselves.
The gait is not passive and both 7 and 75 oscillate between two values after the
two-periodic gait is reached, see Figure [78 Interestingly, Figure shows how the
stance time converges to a fixed value while the flight time oscillates between two.
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Figure 72: Time evolution of the states of the robot at steady state.
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Figure 73: Trajectory of the planar one-legged robot highlighting the alternation of
steps with different apex heights.
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Figure 74: Energy of the robot. The total energy oscillates after convergence to a
two-periodic actuated gait. FEj . is the kinetic translational energy, £, , the potential
gravitational energy, F, i, the potential elastic energy of the linear spring, E, k), the
potential elastic energy of the polar hip spring and Ej, kinetic rotational energy.
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Figure 75: State trajectories in the phase plane. The red lines indicate the orbits after
convergence to a periodic gait.
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Figure 76: Poincaré maps of the system angles at the events of touchdown and lift-off.

The plot highlights the presence of alternating couples of fixed points.
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Figure 78: With p = 2, the stance time converges to a fixed value while the flight time
oscillates between two.

5.3.3.3 Stabilized passive gait with p = 1 and hip stiffness adaptation

In this section, the simulation results with the spring adaptation law and with p = 1 are
reported. The gain for the hip stiffness adaptation was set to v = 0.5 rad N 'm~'s!

The robot was initialized at touchdown with the parameterized initial conditions as
described in section with op = 0.155 rad and 4, = 1.3 m/s, the same as in the
simulation of section [5.3.3.1] The results are shown and commented in Figures [79] -
87

The states of the robot in the last part of the simulation are shown in Figure [79]
The Poincaré map images at touchdown and lift-off in Figure [76| show how the angles
converge to fixed points as the robot converges to a passive periodic gait. In fact, the
control effort converges to zero and the energy settles to a constant value, as shown
in Figures [86| and [81] respectively. The time evolution of the hip stiffness is shown in
Figure Observe how it converges to a constant value of about 1.11 Nm/rad.
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States of the robot during the last part of the simulation. In this time

frame the robot has already converged to a passive periodic gait.

Figure 80:
gait.
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Trajectory of the planar one-legged robot after convergence to a passive
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Figure 81: The energy settles to a constant value thanks to the adaptation of the
hip stiffness. FEj; is the kinetic translational energy, £, , the potential gravitational
energy, E, k, the potential elastic energy of the linear spring, £, k; the potential
elastic energy of the polar hip spring and Ej , kinetic rotational energy.
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Figure 82: Detail showing the ground reaction forces and elastic hip torque at the end
of the simulation.
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Figure 83: Time evolution of the hip stiffness. It converges to a constant value as a

passive gait is reached.

10
7 ° 7
i 2
= 0 e
-5
-0.4 -0.2 0 0.2 0.4
« (rad)
z r
L 1
0.5 0.5
0 0
g 0 g 0
-0.5 -0.5
-1 -1
0.2 022 024 0.26 0.28 0.21 0.215 0.22 0.225 0.23

z (m) r (m)

Figure 84: State trajectories in the phase plane. The red lines indicate the orbits after

convergence to a periodic gait.
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Figure 85: Poincaré maps of the robot angles at the events of touchdown and lift-off.

The angles converge to fixed points.
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Figure 86: Control effort represented by 7 and 75. Both values
to a zero, making the gait passive.
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Figure 87: Stance and flight times. Both converge to constant values.

5.3.4 Extension to continuous torque profiles

The commanding of discontinuous torques, such as the piece-wise constant profile used
in the non-dissipative touchdown control described in [5.3.2] is generally undesired on
real motors. The aim of this section is to examine the possibility of using continuous
profiles for the torque control during flight, while keeping the general control structure
unchanged.

The first option analyzed is to use triangular profiles defined as follows:

(4
LV
Ty 4
4 T T T
Ta—Ag-y i o<
t ) o iljf 11 Zl fZ ( E):Z}
T( - 4TB(t Tf) : Tf <t<3Tf
— —_— — 1 — —
Ty 2 2 ~ 4
47'3 3Tf . 3Tf
— (- — f —<t<T
|7 Tf( ) < Ty

where 74 and 7p are two constants used to parameterize the torque profile. To
compute 74 and 75 so that the control input achieves the desired arp ges and crp ges
in time 7, remember that the differential equations governing the angles a and ¢
during flight are linear:

Jii 4+ Jydp =0
. (93)
Jo¢p + Kn(¢ — a) = 7(t)

By integrating from time 0 to Ty with as input and considering the initial
conditions to be known (they are the angles and angular velocities at lift-off), one
obtains two equations in two variables. The system of equations can then be solved
for 74 and 75. The expressions obtained are relatively long, so they are reported in

the Appendix [B.2]
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Before looking at the simulation results, a second option for continuous torque profile
is presented. This option uses the Fourier series to approximate the piecewise constant
torque actuation with a sum of sines. In particular, each constant piece of the signal
can be seen as half the period of a square wave with amplitude 7, or 7. By using the
well know Fourier series of a square wave, the torque actuation during flight can be
defined as:

N

47 1 . 2 . T
- om+1)—t) if t< L
nnz_o2n+1sm<("+ )Tf) Br=0
mt) = 4y M o T (94)
2 . . f
_ m+1)—t) if L<t<T
- n02n+1sm(( n )Tf) b st

where N is the desired Fourier expansion order and 7y, 75 are the torque values
computed with the method described in [5.3.2] Figure shows a comparison of the
piecewise constant profile, its Fourier series approximation and the triangular torque
profile.
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Figure 88: Comparison of the piecewise constant profile, its Fourier series approxima-
tion and the triangular torque profile. The Fourier expansion was truncated at N = 4.

Hereby the simulation results of using the three different torque controls are com-
pared. The robot was initialized on an approximated passive gait with oy = 0.18 rad
and 29 = 1.4 m/s. The hip stiffness adaptation gain was set to yq = 0.5 rad N"'m~'s~!
and for the triangular profile 74 and 75 were used to compute A7 for equation
instead of 71 and 7. Figures |89 and [90| compare the time evolution of the hip stiffness
and the control torque respectively. Interestingly, the simulations with triangular and
piecewise constant profiles converge to the same value of Kj. The faster convergence
with the triangular torques is due to the fact that with the same adaptation gain was
set for 7, and the A7 computed with the triangular profile is always larger in module,
which makes the adaptation of the spring faster in . As expected, the simulation
with the Fourier series approximation does not converge to a limit cycle with zero
control effort. This is because this method, unlike the other two, does not use exact
dynamics integration and thus there is an error at every step between the desired and
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the realized ayq and dyy. Nonetheless, the residual steady state control effort is very
low.

——— Triangular
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Figure 89: Comparison of hip stiffness adaptation with different torque profiles.
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Figure 90: Comparison of the torque actuation with torque profiles.

5.3.5 Extension to perform velocity control

The aim of this section is to demonstrate that the non-dissipative touchdown control
can be easily extended with the aim of controlling the horizontal velocity of the robot.
The approach proposed is inspired by Raibert’s foot placement algorithm, which makes
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use of the gravity moment during stance to accelerate or decelerate the robot. The
idea is to keep the control structure unchanged with the exception of the desired leg
angle, to which a deviation .., is added. The new desired angle is:

CA‘étd,cles(k) = atd,des(k) + Qeprp (95)

where ayqq4es(k) is computed as before with by averaging of previous lift-off
angles. The computation of the other quantities remains unchanged, except from the
fact that Gugges(k) is used instead of ayg ges(k).

The idea comes from the fact that with p = 1 and the stiffness adaptation law active,
the desired angle auqqes(k) tends to the angle that puts the foot in the neutral point
of the stance. Thus, a negative a,. will cause the foot to be placed slightly before the
neutral point, causing the robot to accelerate, whereas a positive a.,, will cause the
robot to decelerate.

This was tested by using the following signal for a.,,:

(0 rad if t < 10s
—0.001 rad if 10s < t < 20s
Qo = 4 0 rad if 205 < t < 30s (96)

4+ 0.001 rad if 30s < t < 40s

0 rad if 40s < t < 50s
\

The robot’s initial conditions were set on a approximated periodic solution from the
pair (g = 0.18 rad and &9 = 1.3 m/s ). The adaptation gain for the spring was set
to 7o = 0.5 rad N"'m~'s~! together with p = 1. For the torque control during flight,
the triangular profiles were used. Figures 91| - 95| show the results of the simulation.
Observe in Figure how the robot successfully accelerates and decelerates. As the
robot reaches higher velocities, the apexes of Z. become lower and the leg length r
compresses less during the stance phases.

The hip spring becomes more stiff as the robot accelerates, then the stiffness de-
creases again and settles to a fixed value. As expected, after the robot stops deceler-
ating the control effort converges to zero as the robot settles on a passive gait thanks
to the stiffness adaptation law.
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Figure 91: States time evolution of the robot as it accelerates and decelerates. Observe
in the plot of &, how the robot successfully accelerates, keeps the velocity constant,
decelerates and finally keeps again a constant velocity.
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Figure 92: Hip stiffness adaptation. The spring becomes more stiff as the robot
accelerates, then decreases again and settles to a fixed value.
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Figure 93: Energy time evolution of the robot as it accelerates and decelerates. Ej ;
is the kinetic translational energy, F,, the potential gravitational energy, E), g, the
potential elastic energy of the linear spring, F, k5, the potential elastic energy of the
polar hip spring and £}, kinetic rotational energy.
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Figure 94: Control torque. After the robot stops decelerating the control effort con-
verges to zero.
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Figure 95: Stance and flight times. Both T, and T} decrease almost linearly during
the acceleration.

To achieve tracking of a desired velocity, a constant value of a.,, can be used, and its
sign can be changed depending on whether the current velocity is lower or higher than
the desired one. Alternatively, a.,, can also be computed with a simple proportional-
integral feedback law on the horizontal velocity error during the flight phase:

t
Qepy = Kp,a : (ic,flight - j;c,des) + Ki,a : / (jjc,flight - jjc,des)dt (97)
0

where f(p,a and f(i,a are positive gains. In this way, the angle deviation ag,, is
computed before each jump based on the velocity error of the previous jump and the
integral of the error on all the previous jumps. The integral term was introduced to
remove the steady state error. The control law (]@ will be used in the next section in
the case where damping is added to the joints of the robots.

5.3.6 Joint viscous damping

In this section, the case in which friction is present in the robot’s joints is examined, so
that energy loss occurs during any joint motion. For simplicity, only a viscous friction
proportional to the joint velocities was modelled. The damping coefficients on the hip
revolute joint and on the leg prismatic joint are called C and C, respectively.

5.3.6.1 Non-dissipative touchdown controller with joint damping

Firstly, the case in which the unchanged non-dissipative touchdown controller with
p = 1 and with disabled adaptive stiffness law is briefly shown in Figures To
highlight the effect of damping, the robot was initialized on a exact periodic gait of the
undamped system, with ag = 0.171 rad, £o = 1.263 m/s and 2y = —0.940 m/s. The
joint damping coefficients were set as C, = 0.001 Nms-rad™" and C, = 0.01 Nsm™'.
As depicted in Figure 06} the robot accelerates forward while the flight apexes de-
crease in height. The horizontal forward acceleration is caused by the fact that the
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flight torque applied no longer matches the exact dynamics of the system and the
damping causes the touchdown angle to be smaller than the desired one, because the
leg is slowed down during the forward swinging. This causes a forward acceleration
as the foot is placed before the neutral point of the successive stance phase and the
gravity tends to tip the robot forwards.

The control effort gradually increases over time while the time duration of the stance
and flight phases decrease, as shown in Figures [07] and [08] respectively. The robot
eventually falls to the ground after about nine seconds.
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Figure 96: Evolution of the states of the robot with damping on the joints. The robot
accelerates forward while the flight apexes decrease in height.
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Figure 97: Control torque applied by the unchanged non-dissipative touchdown con-
troller in the presence of damping on the joints.
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Figure 98: Flight and stance time duration in the presence of damping on the joints.

5.3.6.2 Extended controller with joint damping

Hereby, an approach to keep the robot running in the presence of damping in the joints
is described. In section |5.3.5, a method to control the robot’s horizontal velocity was
proposed. The control law with proportional and integral terms on the velocity error
during flight can be used to counter the changes in the running velocity caused by
the damping in the joints. Moreover, an energy regulator of the same form as can
be used to compensate the energy losses caused by the damping and the touchdown
impacts and restore the energy of the robot to a desired value during stance. These
two tasks can be performed in parallel with the unmodified non-dissipative touchdown
controller.
To sum up, the proposed control strategy consists of three different tasks:

1. Non-dissipative touchdown controller that computes the desired g ges, as
described in section [5.3.2l The controller can be set with p = 1 and the spring
adaptation law can be used to minimize the controller effort;

2. PI controller that computes the deviation a,, to be added to g des in order
to track a desired horizontal velocity, as described in section [5.3.5}
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3. Energy regulator during stance to compensate the energy losses, as described
in section [3

The parameters used for the simulation are reported in Table [I0, The robot was
initialized on the same passive gait as in section [5.3.6.1} For the desired velocity and
energy set-points, the nominal values of the passive periodic gait were used. During
flight the piecewise constant torque profile was used.

In the simulation, the spring adaptation law was enabled at ¢ = 40 s. In this way, the
spring adaptation is not active during the initial transients, which could cause a relative
change in the stiffness too high to be realistically achievable. Hereby, the switching
on of the spring adaptation law is indicated in the graphs with vertical dashed black
lines. Note that the controller here described stabilizes the robot with damping in the
joints even without the use of the hip stiffness adaptation law. However, by adapting
the stiffness the control inputs converge to lower values.

’ Parameter \ Value ‘
Ch 0.001 Nms-rad ™"
C. 0.01 Nsm™!
P 1
YQ 0.5 rad N 'm~'s7!
YE 40 NsJ 'm™!
pra 0.03 rad-sm™!
Kz}a 0.004 rad-m~!
Tedes 1.263 m/s
Eges 3.574 J

Table 10: List of the numerical values assigned for the controller parameters in the
simulation with damping.

Figure shows the evolution of the states of the robot. The forward velocity
oscillates in a initial transient after which the robot converges to the desired speed.
A plot of the velocity during flight and its desired value is shown in Figure [I00] In
the phase plane, the states perform the trajectories as shown in Figure Note
how even after convergence to steady state there are discontinuities in the leg angular
velocity & at touchdown, as highlighted by the non-smooth red orbit in the top left
graph.
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Figure 99: Evolution of the states of the robot with damping on the joints. After an
initial transient, the robot converges to the desired speed.
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Figure 100: Horizontal velocity during flight compared to its desired value.
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Figure 101: State trajectories in the phase plane. The red lines indicate the orbits
after convergence to the steady state.

The flight hip control torque and the stance leg force are displayed in Figure [102
and respectively. As expected, the control effort does not converge to zero as a
passive gait with damping in the joints is not possible. Nonetheless, after the initial
transient the control torques and forces settle on relatively small values thanks to the
hip stiffness adaptation, whose time evolution is plotted in Figure

Flight control torques

0.3 T

1
.7

0.2

1 1 1 1 1 1 1

0 100 200 300 400 500 600 700 800
k — th step

Figure 102: Control torque applied with the modified controller in order to compensate
damping.
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Figure 103: Prismatic joint force actuator. The leg actuator injects energy in the
system during the stance phases.
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Figure 104: The spring adaptation law was enabled at ¢ = 40 s.

The time duration of the stance and flight phases converge to fixed values, as shown
in Figure [105] Finally, the energy of the robot is plotted in Figure [I06] Unlike in the
passive periodic gaits, the energy does not converge to a fixed value but oscillates in

a limited interval instead.
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Figure 105: Flight and stance time duration in the presence of damping on the joints.
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Figure 106: Energy of the robot. FEj; is the kinetic translational energy, E,, the
potential gravitational energy, I, k, the potential elastic energy of the linear spring,
E, k1 the potential elastic energy of the polar hip spring and Ej, kinetic rotational
energy.

In this section, the non-dissipative control for orbital stabilization of passive gaits,
the forward velocity control through foot placement and the energy regulation through
actuation forces in the leg prismatic joint were successfully combined to achieve run-
ning with low effort in the presence of damping in the joints.
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5.4 Comparison of the two control approaches

Sections and described two very different control approaches for the locomotion
of the one-legged planar robot with body link: Raibert’s controller based on the foot
placement algorithm and Hyon’s and Emura’s non-dissipative touchdown control. The
results presented so far offer the basis for a comparison between the two approaches.
In this section, the main differences between the two approaches are summed up.

Table [11] reports some of the intrinsic differences of the two approaches in the case
where no damping is present in the system.

Foot placement algorithm

‘ Non-dissipative touchdown control

No hip compliance in the robot

Exploits hip compliance to passively swing
the leg backward and forward

Tuning of six control gains required

Only one control parameter for the hip stiff-
ness adaptation law

The body attitude can be controlled during
stance

The body attitude evolves naturally ac-
cording to the passive dynamics

The hopping height can be directly con-
trolled with the energy regulator

The hopping height is determined by the
passive gait constraints

Control torques do not converge to zero

Control torques converge to zero by adapt-
ing the hip stiffness

Can easily track velocity trajectories or
travel to a desired set-point in space

Only one passive gait per energy level for a
fixed hip spring stiffness. Changing veloc-

ity requires switching to a different passive
gait with a modified controller

Table 11: Qualitative comparison between the two locomotion controllers.

In the presence of joint damping, Raibert’s method can be used without any change
needed to the control algorithm. This highlights the robustness of the approach, which
is due to the fact that feedback loops are used in all of the controller components
and modelling errors can be thus compensated. In Hyon’s and Emura’s method, the
controller applies feed-forward torques during flight which are computed at lift-off
based on an accurate knowledge of the model. If the model presents errors or does not
take joint friction or damping into account, feedback loops have to be added in order
to compensate, like discussed in section [5.3.6]

The two control approaches result in very different state trajectories. Figure [107]
compares the snapshots of the robot along two trajectories obtained with the two
controllers while running at a constant speed of 1.3 m/s.
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Figure 107: Snapshots of the robot along two trajectories obtained with the two
controllers while running at a constant speed of 1.3 m/s. The upper picture is the foot
placement algorithm, the lower is the non-dissipative touchdown control.

The main advantage of the the non-dissipative touchdown control is of course the
low control input required to keep the robot running. For example, in the simulations
described in section the peak control torques were less than 0.3 Nm, compared to
the high peaks of up to 30 Nm in the simulations with Raibert’s approach of section
The control gains of the foot placement algorithm can be tuned in order to try to
reduce the control effort, but there are lower thresholds after which the robot becomes
unstable.

Another advantage may be in the fact that the convergence to passive gaits not only
leads the control effort to zero, but also minimizes the foot impact forces at touchdown
in the transversal direction with respect to the leg. This could lead to advantages in the
implementation in a hardware setting in which transversal foot impacts are undesired.
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6 Conclusions

A wide scope study of the locomotion of planar one-legged robots was performed,
considering models of different complexity and different control approaches.

Firstly, the case of a one-dimensional hopper was considered. This was done in order
to understand how to correctly simulate hybrid dynamical systems and to test a simple
energy regulator with the aim of controlling the hopping height.

Secondly, the well-known SLIP model was studied with respect to its stability prop-
erties and periodic solutions. The SLIP was then extended to the pitching-SLIP, of
which the passive gaits with somersaults were characterized. T'wo controllers based on
energy and angular momentum regulation were then formulated and validated through
numerical simulations. The results showed that it is possible to stabilize passive gaits
with somersaults of the pitching-SLIP, making the control effort converge to zero. The
controller was then successfully tested on the body-SLIP model, which extended the
previous by adding an inertia to the leg. While both models present numerous sim-
plifications with respect to more advanced robots, this study was performed with the
intent of laying the foundations for a later extension to more complex cases, in which
the somersaults are not necessarily present in the passive gaits.

Thirdly, the locomotion of a planar one-legged robot with a body link was studied.
Raibert’s control approach based on the foot placement algorithm was studied with
the aim of understanding the principles behind its success and to later compare it with
approaches based on passive dynamics. Then, the focus was shifted again towards the
locomotion based on limit cycles and passive gaits. The non-dissipative touchdown
controller of Hyon and Emura was implemented and studied. Furthermore, it was
extended to be used with continuous torque profiles and to perform velocity tracking.
Moreover, viscous friction was modelled in the joints in order to study its effect on the
controller. The controller was successfully extended by combining it with a forward
velocity control through foot placement and an energy regulator and was shown to be
capable of stabilizing running in the presence of damping in the joints with low steady
state control inputs. The purpose of this chapter was to achieve a deeper understanding
of the principles behind passive locomotion by implementing and studying a controller
from the literature, while also identifying its limits in more realistic simulation settings.

The outlook of this work is twofold: firstly, the controllers based on energy and
angular momentum regulation should be further studied, to characterize their ro-
bustness and see whether they are applicable to more complex models; secondly, the
non-dissipative touchdown controller could be extended to segmented legs in which a
revolute joint is present instead of a prismatic joint, in order to be directly applicable
to DLR’s quadruped Bert. Then, the controller could be tested on hardware, which
still has not be done to the author’s knowledge. DLR’s hardware test-bed of a single
Bert leg could be a good starting point with this purpose in mind.
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A Reference tables for the periodic gaits

A.1 Pitching-SLIP

Tables report the numerical values of the states at the apex (AP), touch-
down (TD+), bottom (BOT) and lift-off (LO-) of three different periodic gaits of
the pitching-SLIP.

AP TD+ | BOT LO-
(m) 0.0000 | 0.7464 | 0.8857 | 1.0249
. (m/s) | 13.1966 | 13.1966 | 13.0176 | 13.1966
(m) 0.2003 | 0.1846 | 0.1807 | 0.1846
Z (m/s) | 0.0000 | -0.5549 | 0.0000 | 0.5549
) 0.2312 | 0.2312 | 0.1807 | 0.2312
(m/s) | 0.0000 | -8.3884 | 0.0005 | 8.3884
(rad) | 3.1416 | 0.6461 | 0.0000 | -0.6461
(rad/s) | -44.1199 | -44.1206 | -72.0475 | -44.1206

Table 12: Unstable gait of the pitching-SLIP. F = 89.6633 J, [; = —2.3757kg - m?/s.

AP TD+ | BOT LO-

(m) 0 0.7371 | 0.8777 | 1.0183
. (m/s) | 18.1204 | 13.1966 | 17.9989 | 18.1294
m) 0.2003 | 0.1836 | 0.1815 | 0.1836
m/s) | 0.0000 | -0.3989 | 0.0000 | 0.3989

) 02312 | 0.2312 | 0.1815 | 0.2312
(m/s) | 0.0000 | -11.3409 | -0.0005 | 11.3409
(rad) | 3.1416 | 0.6536 | 0.0000 | -0.6536
(rad/s) | -61.1913 | -61.1907 | -99.1710 | -61.1907

Table 13: Stable gait of the pitching-SLIP. E = 167.3822 J, [; = —2.3757kg - m?/s.

AP | TD+ | BOT | LO-
z. (m) | 0.0000 | 1.0948 | 1.2049 | 1.3149
. (m/s) | 3.9925 | 3.9925 | 3.3346 | 3.9925

(m) 0.5722 | 0.2034 | 0.1500 | 0.2034
% (m/s) | 0.0000 | -2.6901 | 0.0000 | 2.6900
(m) 0.2312 | 0.2312 | 0.1500 | 0.2312
(m/s) | 0.0000 | -4.2661 | 0.0000 | 4.2661
(rad) | 3.1416 | 0.4960 | 0.0000 | -0.4961
(rad/s) | -9.6476 | -9.6477 | -22.2285 | -9.6477

Table 14: “Very unstable” gait of the pitching-SLIP. F = 13.6785 J, [; = —0.5195kg -
m?/s.
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A.2 Body-SLIP

Tables report the numerical values of the states at the apex (AP), touchdown
(TD+), bottom (BOT) and lift-off (LO-) of two different periodic gaits of the body-
SLIP.

AP TD+ | BOT LO-
2. (m) 0.0000 | 0.7607 | 0.8897 | 1.0179
i (m/s) | 8.6373 | 8.6373 | 8.3000 | 8.6385
Z (m) 02303 | 0.1923 | 0.1836 | 0.1921
% (m/s) | 0.0000 | -0.8640 | 0.0000 | 0.8541
r (m) 02312 | 02312 | 0.1836 | 0.2312
F (m/s) | 0.0000 | -5.5167 | 0.0235 | 5.5167
a (rad) | 3.1416 | 0.5890 | -0.0028 | -0.5901
& (rad/s) | -28.9829 | -28.9824 | -28.0824 | -28.9830

AP TD+ | BOT LO-
Z. (m) 0.0000 | 0.7391 | 0.8737 | 1.0074
. (m/s) | 12.8641 | 12.8641 | 12.5661 | 12.8644
Z (m) 0.2046 | 0.1884 | 0.1844 | 0.1883
% (m/s) | 0.0000 | -0.5636 | 0.0000 | 0.5564
r (m) 0.2312 | 0.2312 | 0.1844 | 0.2312
P (m/s) | 0.0000 | -7.9174 | 0.0359 | 7.9174
a (rad) | 3.1416 | 0.6184 | -0.0029 | -0.6190
& (rad/s) | -43.9146 | -43.9135 | -68.1449 | -43.9137

Table 15: Unstable gait of the body-SLIP. E = 40.2824 J, I; = —1.5896kg - m?/s.

Table 16: Unstable gait of the body-SLIP. E = 86.3312 J, [; = —2.4086kg - m?/s.
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B Flight torques profiles

B.1 Piece-wise constant profile

The expressions here reported are taken from [14], with adapted signs to be consisted
with the model used in this work. Defining the new variables:

p=a—9¢ (98)

and

g = Jb¢ + JICY, (99)

the values for 71 and 7 can be computed as:

- e (7] - [2]) am

|72 (G
where o
) l Otd,des | Olo
L/')_ T ((Jb +-) [dtd,des:| C(Ty) |:(j'lo:|) (101)
and:

Qp

AT =y "oty | o

gy~ L | s —eos (B57) eos () —af
)= K, Q, Sin(QhTf) — Q, sin (QhQTf> Qy, sin <Qh2Tf> )

C(Ty) = [é ﬂ , P= [(1) _01] (104)

B.2 Triangular torque profile

To compute 74 and 75 so that the control input achieves the desired orp 4.5 and
&rp,des i time T, the flight dynamics of the angles can be integrated from time
0 to Ty with the triangular profile as input. Considering the initial conditions
to be known (they are the angles and angular velocities at lift-off), one obtains two
equations in two variables. The system can then be solved for 74 and 75.

The expressions to compute 74 and 7p are:
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Q, Tf>3
= ——T(Jp/Jp + S K Qp— o — Qo)+
TA m f( b b l hCOS( h4 (¢l Oél)

3 : Tf Tf 2 .
+ 1/ Jp S K, sin th cos th (h1o — Qo)+

iddes O Ji
+ (—Kn((¢ro — tiid - Z—loézo)Jb - Zl(atd,des — o))V o + S+

1 . T
— ZQhva Kh( J5J1¢lo + JlSdelO)) COS (thf) +
1. T ) )
+ 7 5in <thf) V Kn(Guo — duades)(\/ P To + 1/ Jp i)
T T -
. (4Jb coS (Qh%) sin (thf> (cos (thf> — 1)) (105)

Tr(Kn((9ro — tddges) o — Ji(ddes — o))V Jo + Ji+

QO
T = ——
B vV Iy + J

. T\ °
+ QhTf \/ Kh( J5’J1¢lo + Jl3<]bdlo)) CcOS (thf> —+

. T . . 77\’
— sin (thf) VEL (W T2 T(d10 — Cuages) + 1/ I Tp(Cuo — Ctages)) cos (thf> +
3 O 3
+ (—Kn((¢ro — 7 Cttdudes — Tl)Jb - Zjl(a/td,des — o))V I + i+
3 . T
_ ZQhTf\/ Kh< JI;Q)JZ¢ZO —f— J?delo)) COS (thf> —I—

1. T ) ) / /
+ Z sin (thf) \/ Kh(alo — atd,des)( J?Jb + ng]l))
1
. <4Jb coS (Qh%) sin <Qh%) (cos <Qh%) — 1)) (106)
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