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Abstract

alking machines have been studied for more than thirty years. They provide a

more important mobility potential than their wheeled counterparts, but require
more complex control algorithms. In this thesis, we contribute to their study, by modeling
the AMRUDbS robot and implementing gait algorithms to walk on an uneven ground. The
work is divided into two main axes.

The first contribution to the study of legged vehicles lies in the development of a
comprehensive dynamic model of the whole robot. The mechanical parts of the robot
are first modeled by means of a multibody approach based on the minimal coordinates.
This model is completed by the DC actuators, controllers and friction in the joints. An
important part of this work concerns friction: effectively, the transmissions of walking
robots are high-geared, and composed of numerous elements. In this context, we tried to
reproduce the irreversibility behavior of the vertical joint with the LuGre friction model.
The modeling itself is not new: on the contrary, the validation of the model through
comparisons of actuators currents and voltages is quite novel, anyway for a complete
robot actuated by DC motors and walking in real conditions. Power expenditure is also
considered, as an indicator of the degree of realism of the simulation. It is shown that
friction is responsible for approximately 80 % of the power expenditure, and that the
dynamic model is able to reproduce quite well this result.

The second contribution to the study of walking machines is the development of gait
algorithms. In particular, the free gait algorithm we developed allows the robot to adapt
to the terrain profile, while keeping the heading velocity imposed by the user. Dynamic
simulations are again used to prove the efficiency of the algorithm. In parallel with
simulations, a real implementation is performed. The parallel approach leads to the
development of a “realistic” foot profile, which includes transitions between the swing
and the support phases of the leg. These transitions are mandatory on the real robot, to
avoid severe damages.

In parallel with simulations, gait algorithms have been implemented on the real robot.
An important part of this work concerns the complete design of the control architecture.
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CHAPTER 1

Introduction

For more than twenty years, the Department of Theoretical Mechanics, Dynamics and
Vibrations (TMDYV) of the University of Mons (Faculty of Engineering) has worked in
the field of multibody dynamics: one way to extend and apply this field of research
is to move towards mechatronics. According to H. Van Brussel, “mechatronics encom-
passes the knowledge base and the technologies for the flexible generation of controlled
motion” [VANBI6]. Ancestors of mechatronics were purely mechanical systems. Their
lack of flexibility in generating more complex motions made them gradually abandoned
since the second half of the 20th century. Mechatronics represents the synthesis of en-
gineering systems, covering a wide range of topics: mechanical and control engineering,
microelectronics and computer science. These components are unified to result in reactive
and intelligent systems. In this context, the purpose of this work is twofold:

e proceed to the integrated modeling and the simulation of a mechatronic system by
using a multibody modeling as a basis for the whole system;

e implement an “intelligent” behavior to the system and enhance it with the help of
simulation.

The choice of the system is a six-legged robot. This is a relevant illustration of the
H. Van Brussel’s mechatronics definition: the challenge consists in moving the legs syn-
chronously to make the robot walk. The system strongly interacts with the environment
and has to be adapted consequently to keep a satisfying behavior of the robot body.

1.1 Context and contributions

The AMRUS5 robot is the fifth machine built within the Autonomous and Mobile Robot
in Unstructured environment framework [VERLOI]. It results from a collaborative work
of RMA (Royal Military Academy), ULB (Université Libre de Bruxelles) and VUB (Vrije
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Universiteit Brussel). It has been created in 2002, and used in a previous PhD thesis
about the neuro-fuzzy control of a leg based on pantograph mechanism [HABUO4].

The robot structure was already built and motorized when this work began, but the
control architecture was not satisfying. Besides the modeling of the whole robot, another
important part of the work was the development of a whole decentralized control structure
based on a master (PC)- slaves (microcontrollers) relationship.

The motivation of the work is to illustrate the help of dynamic simulation:

e to determine with confidence the required power for moving the robot;
e to develop gait algorithms.

The first step is the modeling of the mechanical structure with the generalized (or
minimal) coordinates approaches, including the gravity and the ground contact forces.
Then, the actuation layer (motors + controllers) and the joint friction are inserted, to
obtain a comprehensive model of the whole hexapod. The contribution of this thesis is
twofold for this part:

e The dynamic model is fully validated on a tripod gait example: indeed, simulation
is often used for design of legged robots, but, to the best of our knowledge, there is
no validation in terms of energy expenditure between a comprehensive model and a
real machine (in the case of a walking machine actuated by DC motors). Because
of the embedded nature of autonomous robots, energy consumption is obviously a
key point.

e A special focus is set on friction. In the case of AMRUD, the joints are not reversible:
effectively the robot becomes self-supporting when power is removed. The LuGre
model has been implemented in the joints and an important measurement campaign
has been made to find the LuGre parameters. It is shown that LuGre can produce
irreversibility, which is difficult to obtain with other friction models that do not
express the friction at zero velocity. It is also demonstrated that friction is very
important and cannot be neglected in the dynamic study.

Gait algorithms have also been investigated. Periodic gait with omnidirectional ability
has been developed, in which the swing foot profile is continuously updated such that
the middle point the next foot stroke passes through the middle of the leg workspace,
maximizing in this way the mobility potential of the vehicle. Dynamic simulations have
shown that the leg profile should be enhanced to avoid antagonist forces that disturb the
robot motion.

A free gait algorithm converging to forward wave gait has also been developed. It has
been extensively simulated with our dynamic model, to prove that the robot is able to
follow complex trajectories on uneven ground. It does not involve force sensors as it is
usually the case in walking machines, but rather a posture correction which automatically
adapts the body to the ground profile. An algorithm based on a current sensing and a
dynamic model of the leg allows the ground detection. Moreover, the free gait is developed
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from a navigation point of view: instead of determining local velocity of the robot body,
the heading velocities are imposed in the ground plane, such that the heading velocity
is respected, whatever the relief is. Simulations and experimentations have been made
using a parallel (also called concurrent-engineering) approach: for this reason, it was
interesting to use the same code on both real and simulated system, avoiding repetitive
programming. This justifies the choice of the flexible and open-source EasyDyn C++ library
for the modeling.
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1.2 Outline of the work

A general state of the art related to six-legged machine is given in Chapter @l It focuses
on their history and presents some landmarks and important research works. It illustrates
that legged locomotion is not very old and has been increasingly studied for thirty years,
mainly due to the advance in computer science. This section also highlights the diversity
in structure design and in actuation.

Modeling tool and its application to AMRUbS are presented in Chapter 3l The com-
plete model results in a rigid multibody representation with generalized coordinates and
multiphysics elements like motors, controllers and joint friction. The used formulation
leads to a set of ordinary differential equations, which are solved in a monolithic way
using the Newmark integration scheme.

Chapter Ml presents a detailed study of the leg dynamics. Some assumptions are made,
which show that the control scheme can be totally decentralized in 18 PI (Proportional-
Integral) position controllers.

Chapter[Hlis dedicated to the identification of friction parameters for the 18 joints of the
robot. Steady-state friction without load on the joint is first deduced, then supplementary
investigations on some specific parameters are pursued, in particular the stiction of the
vertical joint and the load-friction dependency of the horizontal joint. The last part of
this chapter details the ground detection algorithm, based on the current sensing in the
motor and on the leg dynamic model.

Chapter [0] validates the complete model according to a tripod test case. Joint tracking
errors, currents and voltages of the 18 actuators are compared. It is shown that the
LuGre model is more accurate than a classical dry/viscous model for the vertical joint,
because it produces an irreversibility. Power consumptions and energy expenditure are
also compared. In this case the LuGre and the dry/viscous model give identical results.
A mechanical defect, present on the horizontal joints, is finally treated: it is responsible
for the deformation of the mechanism, which increases the friction and deteriorate the
efficiency of the walking machine.

Chapter [[ compares the engineering and the bio-inspired approaches in the gait con-
trol of hexapods. The choice of gait generation algorithm for AMRUSb is first justified.
Nomenclature proper to walking robot and gait concepts are given. The periodic gaits are
briefly described. Thereafter complexity of the algorithms is increasing, beginning with
omnidirectional gait and ending with the free gait with posture control.

Chapter [ concludes and gives indications for further researches in the area of six-
legged robot modeling and control to aspire to more efficient vehicles.



CHAPTER 2

Legged robots

Legged robots have an indisputable advantage over their wheeled counterparts in terms of
mobility potential. They are able to move on unstructured ground or to cross ditches or
steps, where equal-sized wheeled machines could be blocked. Their legs act like an active
suspension: whatever the discrete nature of the ground, the body velocity can travel
smoothly, while footholds are discontinuous. Moreover, the main body is completely free
in the space, allowing maneuvers by far more flexible than a standard wheeled robot.

Walking machines are first designed to operate in hostile conditions. For example,
the European Atomic Energy Community financed the European project TELEMAN
to respond to the needs of the nuclear industry like maintenance, decommissioning and
accident management [ROBE97]. Demining is another dangerous task which could be
handled by mobile robots. Wheels are widely spread in this field [DEBEQ5], because
wheeled robots are fast and can carry large loads (demining unit), but legs reduce the
footprints on the ground, and consequently the risk of activating a mine.

The second motivation for developing legged robots is to study the insect and/or
animal behavior. Bio-inspired robots are developed for more than twenty years; bio-
inspiration concerns the leg design as well as the control architecture. The mechanical
design involves the actuation of the legs, their number, and their configuration with
respect to the main body. The control algorithms implement local reflex abilities, and try
to mimic at best the gait pattern observed in cockroach-like insects.

The present section begins with some history about legged machines, from the early
designs to nowadays. It would be impossible to mention all the existing legged machines in
the world: our choice has been to present some of the remarkable robots built in the past
in Section 2], and then to describe robot by labs which have contributed significantly
to research in legged machines in Section The end of this chapter focuses on the
mechanical design and control architecture of AMRUS5 presented in Section 2.3]
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(Re KodeL)

L. A RYGG.
MEOHANIOAL HORSE.

No. 401,027, Patonted Fob. 14, 1893,

(a) Chebyshev’s walking (b) Rygg’s mechanical
machine [CYBE] (Chebyshev 1850) horse [CYBE] (Rygg 1893)

Figure 2.1: Early legged robots

2.1 A little History

2.1.1 From 19th Century to 1970

Legged mechanisms have a long history. In 1850, Chebyshev designed a four legged ma-
chine with mechanically synchronized legs, based on straight-line linkages (Fig. [2.1(a))).
In 1893, Rygg obtained a patent for the human-powered mechanical horse (Fig. [2.1(b))).
About two decades later, while the automotive industry was in full expansion, Bechtol-
sheim had the idea of a “legged car”. This concept was also patented, but success about
this machine was never reported.

During more than sixty years, the concept of walking machine was focused on more and
more complex linkage design, driven by only one source of power (Shigley 1960, Balndwin
and Miller 1966 with the walking wheel chair for disabled people). The pure mechanical
solution is nice, and reliable, but is obviously limited to flat ground. It becomes an
evidence that dealing with less predictable environment requires control.

The pioneers in term of control were Franck and McGhee (1968) with Phony Pony
(Fig. R-2(a)). Each leg had two joints (a hip and a knee) and was actively controlled
by a finite state machine. The robot was able to emulate walking patterns as crawl and
trot. An impressive quadruped, called General Electric Walking Truck (Fig. was
developed by Mosher in 1969. With its 1300kg, it was able to accommodate a driver
whose arms and legs were directly commanding the four legs of the machine. Thanks to
high fidelity force feedback, the driver was able to control the robot efficiently after some
hours of training. This robot is, still now, one of the most accomplished legged vehicles.



2.1. A little History 7

(a) Phony Pony [CYBE] (b) GE quadruped [CYBE]
(McGhee 1968) (Mosher 1969)

Figure 2.2: Remarkable quadrupeds in the late sixties

2.1.2 From 1970 to 1980

Progress in digital computers marks a transition in the development of legged machines.
The first landmark of the seventies is due to the McGhee’s group at Ohio State University
IMCGHT9]. They implemented successfully wave gait on the OSU hexapod (Fig. [2.3(a))).
Leg motions are coordinated by computer and no more by human. This project has given
rise to many of the present research topics in legged locomotion, and more generally,
in robotics. First, the concept of “active compliance” was elaborated [KLEI80]: force
information was used in the feedback position control loop to detect the ground. Energetic
efficiency on soft surfaces (sand for example) had also been envisaged. The related studies
conclude that legged machines should be more efficient than rolling ones was formulated,
because rolling induces a bow-wave effect on the ground. However, tests had shown
that the efficiency is really bad for legged robots, mainly because of the high reduction
ratio of the actuators, meaning bad power efficiency and high friction losses. They also
used Jacobian transforms to link foot and joints coordinates, which is the base of inverse
kinematics widely encountered in robotics.

While the United States had the monopoly of walking machines, the Russian re-
searchers also began to develop hexapods. Okhotsimski in 1976 developed a walker with
terrain scanning; Gurfinkel, Schneider, Gorinevski et al. worked on Masha (Fig. [2.3(b))),
and especially on force sensing at ground interface, for different types of soil.

As Japan is concerned, the development of autonomous robots was mainly directed
by the team of Sigheo Hirose at the Tokyo Institute of Technology. Their first machines
were climbing and snake robots, but they came to legged machines in the early eighties,
by developing quadrupeds with pantograph-based legs and reflex-like control to avoid
obstacles.
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(a) OSU hexapod (b) Masha hexapod [CYBE]
(McGhee et al 1977) (Gurfinkel et al 1969)

Figure 2.3: Remarkable hexapods in the late seventies

2.2 Since 1980 across the world...

Since 1980 walking machines spread around the world, becoming an important research
field. The following section presents the evolution of four and six-legged robots by research
teams that have significantly contributed to progress in this domain.

2.2.1 United States of America

USA are unquestionably the leader in legged locomotion. They have a long tradition and
many research centers, whose most famous are detailed below.

Ohio State University Song and Waldron developed the Adaptive Suspension Vehicle
(ASV) to walk on rough terrain. Still nowadays, it is one of the biggest and most successful
legged machines of this size. Several kinds of gait were implemented, to deal with various
environments. [t weights 2700 kg and can reach up to 3.6 m/s.

Figure 2.4: ASV [CYBE] (1985)

Massassuchet Institute of Technology Several robotics labs exists in MIT and have
widely contributed to the walking machine history. M. Raibert developed the legged lab
in the beginning of the 80’s. His research team deeply investigated dynamics and balance

of walking: the first studies were made on a hopping robot (Fig. [2.5(a))), then extended
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to quadruped (Fig. [2.5(b)|) and biped (Fig. [2.5(c)). Note that the biped is able to make

a somersault. This labs ends its activity at the end of nineties.

(a) 3D hopping (b) Quadruped (c) Biped robot [MIT]
robot [MIT] (1984) robot [MIT] (1984) (1990)

Figure 2.5: Legged robots that balance

Another important contribution comes from the MIT Humanoid Robotics group.
R. Brooks developed the subsumption architecture and implemented it on Genghis
(Fig. and Hannibal (Fig. 2.6(b)). The concept of this new architecture is the
following: a basic layer is based on a strong coupling between actuators and sensors, pro-
moting a more reactive behavior than in the classical control approaches. Higher levels
are based on the skills developed by lower levels to enhance their behavior.

(a) Genghis 1989) (b)anm‘bal m (1990

Figure 2.6: Robots with subsumption control architecture

Boston Dynamics M. Raibert and his colleagues founded the Boston Dynamics com-
pany in 1992. It creates innovative animal-like robots with advanced behavior. The most
famous is probably BigDog (Fig. 2.7)), able to move up to 4 mph on very hard terrains,
to climb slopes up to 35 degrees and to carry a load of 150 kg. This is doubtless the most
advanced legged machine nowadays.
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Figure 2.7: BigDog [BOST] (2008)

Case Western Reserve University Biologically Inspired Robotics Center is directed
by R. Quinn since 1980. Their first prototype of legged machine was built to test a
biologically-inspired neural network controller developed by R. D. Beer and H. J. Chiel
for a computer simulated insect. Then, collaboration with biologists leads to new hexapod
designs like Ajaz (Fig. 28)), whose leg kinematics is inspired from the cockroach Blaberus
discoidalis. The lab also works on worms, flying machines and whegged (wheel + leg)
robots.

Figure 2.8: Ajaz [CRWU] (2005)

Carnegie Mellon University W. L. Whittaker’s team developed robots to walk in
hard environments, like Ambler (Fig.[2.9(a))) with the originality of orthogonal actuator
placement to facilitate the legs control, or the famous Dante I (Fig. , to explore
the Mt. Spurr volcano in Alaska. Dante II was able to go down along crater walls in
a rappelling-like manner to gather and analyze high temperature gazes from the crater
floor.

2.2.2 Canada

The Ambulatory Robotics Lab (1991-2003) of McGill University develops several robots
with dynamic walking, under the direction of M. Buehler. The most famous are the
Scout’s series (Fig. [2.10(a)]), and the RHez hexapod (Fig [2.10(b)). RHexz is a quite
original robot which can travel across hard terrains, with only one actuator per leg. It
was a collaborative work between McGill, Michigan and Berkeley universities.
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(a) Ambler [CMU] (1990)

Figure 2.9: CMU hexapods

(a) Scout 1T [OMIC] (2003)

Figure 2.10: McGill legged robots
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2.2.3 Japan

The main contributions of Japan come from The Fukushima Robotics lab of the Tokyo
Institute of Technology, directed by S. Hirose. The lab research focuses on quadruped
robots. One of the first built was PVII (Fig|2.11(a)]), whose originality was the pantograph
mechanism: the latter avoids a negative work during the gait cycle, and facilitates the
kinematic control because of the gravitational decoupling. Legs of AMRUS5 are based on
this design. A long series of quadruped called Titan has been developed since 1980 to
nowadays. The latest is called Titan XI (Fig. . A particular attention has been
paid to the leg design of each robot.

=

(a) PH [TIT] (1978)

Figure 2.11: Tokyo Institute of Technology quadrupeds

Finally, it could be impossible to end the Japanese contribution without citing the
AIBO pet dog, developed in 1999 by Sony.

2.2.4 Europe

Germany is very active in development of four-, six- or eight-legged machines. Other Eu-
ropean countries have a more modest contribution, but some remarkable legged machines
are nonetheless cited.

Germany B. Gassman and J. Albiez’s team from FZI Karlsruhe is working on the
Lauron’s series with stick-insect like design. The fourth of the series (Fig. is
equipped with omni-remote-vision system and numerous sensors; the final aim is to use
it for urban rescue missions.

Biologists are also involved in the modeling of neural network controllers which mimic
the insect behavior. Universities of Duisburg (M. Frik) and Bielefeld (H. Cruse) imple-
mented successfully such controllers on relatively small (<5kg) insect-inspired robots.

The Scorpion eight-legged robot of F. Kirchner from Bremen (Fig. [2.12(b))) is also
inspired from biology. It uses a walking pattern inspired by the movement of scorpions
coupled with reflexes that will help the robot to free a stuck leg, among other things.

Beyond the bio-inspired researches, there are legged robots controlled according to
more conventional engineering approach. U. Schmucker and A. Schneider from the
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Fraunhofer Institute for Factory Operation (IFF) developed force sensing and gait al-
gorithm on Katharina, whose aim is to execute accurate tasks like drilling a hole in a wall

(Fig. B12(0)).

g

(a) Lauron IV [FZI] (b) Scorpion [BREM] | (¢) Katharina [[FE]
(2004) (2000) (2001)

Figure 2.12: Legged machines in Germany

Spain The Department of Automatic Control at the Institute of Industrial Automation
of Madrid has about twenty years experience in the field of legged locomotion. They
worked on walking in hazardous environment and in humanitarian demining. Team of

M. A. Jimenez and P. Gonzalez de Santos created Rhimo, Silo 4 and Silo 6 [GONZO05]
(Fig. ET30)).

United Kingdom Robug IV (Fig. is an eight-legged robot with pneumatic
actuators. It was designed for rescue, inspection and maintenance tasks in hazardous
environments. FEach foot has a vacuum gripper. It can carry a 100kg payload while
climbing, and perform floor-to-wall, wall-to-roof, and wall-to-wall internal and external
plane transitions.

Finland The Automation Technology Laboratory of Helsinki University, with A. Halme
et al, was an important contributor to free gait and terrain adaptation development
[HATMO94, [HATLMO96, SATLM96]. They implemented their algorithms on the Mecant
(Fig. [2.13(c))), a fully independent hydraulic six-legged walking machine weighting about
1100 kg.

Belgium The early research in Belgium was directed by A. Preumont at the Université
Libre de Bruxelles. Maz, a robot similar to Genghis, was developed for gait studies.
Then, P. Alexandre [ALEX96/[ALEX97] made further research on Silex (Fig.[2.13(d)|) and
developed an original free gait algorithm, as well as active suspension to adapt altitude
and attitude of the robot. The concept of active compliance was also developed on
the conceptual walking vehicle loan [PREU97]. The department of Mechanics of the
Royal Military Academy supervised by Y. Baudoin also developed six legged robots,
within the framework of the Autonomous Mobile Robot in Unstructured environments
(AMRU) [VERLOI]. Research about the neuro-fuzzy control of a leg was made by J.C.
Habumuremyi [HABU04] on AMRUS.
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(c) Meca;lt‘ﬂTKH(92) (d) Silex [ULB] (1996)

Figure 2.13: Legged machines from Europe

2.3 AMRUS5 among these legged machines

AMRUS5 (Fig. 2.14) is a six-legged robot with hexagonal architecture developped for dem-
ining purposes. It has been built by the Royal Military Academy of Belgium, in col-
laboration with the VUB (Vrije Universiteit Brussel) and the ULB (Université Libre de
Bruxelles)

2.3.1 Mechanical overview

The robot has a weight of 34 kg and an outer diameter which can reach 1.4 m. The main
body weights 11.2kg, with a circular shape of radius 0.175m. The maximum reachable
velocity on flat ground is about 3cm/s. The six legs are equally distributed around the
robot body. The frame Oyxpyp2p, located at the robot center of mass, gives the forward
advance along O,r;, and the lateral motion along Ouyp; Opz, is upwards. Numbering of
the legs is given in Fig. 2141

Each leg has three degrees of freedom (DOF) (Fig.[2.15(a))):

e ¢, is the rotation of the leg around a vertical axis;
e g, allows the up and down motion of the foot;
e (), describes its back and forth (or radial) motion.

Each degree of freedom is actuated by a Maxon RE35 DC motors. It’s worth to notice the
pantograph mechanism which allows a gravitational decoupling, and should theoretically
result in a better efficiency in the gait than classical revolute joints placed along the
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D O
Figure 2.14: AMRU5 hexapod

leg [HIRO84]. The foot trajectory generation is also easier, because the up and down
motion of the foot is directly proportional to ¢, with an amplification ratio of -6 (the
same rule applies for the back and forth motion and ¢, with an amplification ratio of 7).

Figure[2.15(b)| gives the detail of the pantograph mechanism in the frontal plane. The
hatched area is unreacheable because of mechanical limitations. Some relevant character-

istics of the leg are gathered in Table 2.1l For a detailed description of the robot, please
consult Appendix [Bl

~ 330mm

tangential

Leg workspace hN 114S] g
AB

—[155 l.

(a) CAD view of leg mechanism (without (b) Planar view of pantograph

rotational actuator)

Figure 2.15: Leg overview

Each leg is assembled to a chassis, on which the vertical and horizontal motors are fixed.
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Part Length (m)
lo (AC) 0.28
I, (BD) 0.07
l, (DE=BC)  0.24
5 (CF) 0.492
AB 0.04

Table 2.1: Relevant geometrical characteristics of the pantograph

For both motors, the transmission between the rotor shaft is composed of a planetary
gearhead, whose output is connected to a ball screw combined with a linear guide. For
the vertical joint, this is a linear ball-mounted guide, and for the horizontal joint, a friction
bearing. The position of the nut driven by the screw is the DOF (g, or ¢;) considered in
the model of Section B4l Positions are given with respect to point C*, called the crossing
point: it results from the intersection of the driving lines of ¢, and ¢,. The leg chassis is
fixed to the main robot body via the revolute joint ¢, (see Fig. [2Z10). The transmission
between the rotational actuator and the leg chassis is composed of one planetary gearhead
at the motor followed by a chain sprocket. The rotational DOF g, is the position of the
leg chassis with respect to the main body.

The global reduction ratios between the rotor shafts and the considered DOF, as well
as the transmission elements, are shown in Fig. 216 Note that each joint is equipped
with mechanical switches limiting their stroke. The motor power is cut off when a switch
is activated.
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Global view

=

Rotational joint

Gearbox + sprocket chain
(Red. 1681:1)

ball bearing guides

Vertical joint

Gearbox + sprocket chain + ball screw
(Red. 69115:1 [rad/m])

linear ball-mounted guide

Horizontal joint

)| Gearbox + sprocket chain + ball screw
(Red. 58643:1 [rad/m])

friction bearing guide

Figure 2.16: Focus on AMRUS5 transmissions
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2.3.2 Control architecture

The hardware architecture of legged robots usually consists of three levels [ORINS2]:

e Level A: navigation: the trajectory of the main robot body is programmed via
setpoints, or given in real-time by a user equipped with a joystick for example.

e Level B: motion planning: this level is responsible for the legs motion and their
synchronization. This is the “creative” level where original algorithms concerning
stability of the robot, gait pattern determination, optimal repartition of ground con-
tact forces, orientation and altitude control of the main body, ... can be developed.

e Level C: motion execution: local leg controllers have to follow the trajectory
generated by level B. Note that biologically inspired robots tend to drain more and
more tasks from the motion planning to implement them as local reflexes at this
level. More details will be given in the state of the art of gait control in Section [Z.2l

The global architecture of the AMRUS5 robot is depicted in Fig. 2171 Level B, or
master, is rated 100 Hz: it prepares the 18 motor voltages (u?, ..., u}) resulting from gait
algorithm and PI controllers. Level C is composed by six slave boards. Each of them is
controlling one leg and is measuring joint positions (g, ., qn), motor currents (i, i,, i)
and voltages (u,, u,, up). Master-slaves are linked to a simple Ethernet switch inside a local
network. Level A is not really implemented on the robot; there are neither localization,
nor inclination or direction measurements. However, the architecture is quite open and

lets the possibility to add this layer in future work.

Master Computer

The master is a PC (dual core 3GHz, 1.5 Go RAM) running real-time Linux kernel 2.6.31-
11 PREEMPT RT (Ingo Molnar’s patch [MOLNTI0]), which enhance considerably the
latency, i.e. the delays in instructions.

The master routine is based on a blocking standard C function select (), which polls
among a set of file descriptor representing the slaves. This function is “unlocked” in three
cases:

e an error happens;
e data are incoming on the master;
e a timeout occurs.

The beginning of the control loop consists in sending new computed commands to the
6 slaves simultaneously by means of a broadcast packet (proper to UDP/IP protocol
developed in Section 2.3.2]). The broadcast ensures that all the slaves are synchronized.
Then master waits for their responses. Once all data are received, the gait algorithm is
executed and PI controllers generate the commands for the next control time. The master
waits during the control step remaining time, computes thereafter the next deadline, and
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Figure 2.17: Global communication scheme

sends immediately the new motors commands by broadcast. The following pseudo-code

summarizes the master execution:

deadline = now() + delay; // delay of 10ms

while (robot_has_to_move())
{
if(all_data_from_slaves_received)

command = compute_motor_command() ;

switch(select (socket,deadline-now()))
{
case -1: // network error
return(error) ;
case 0: // timeout is over
broadcast (targets) ;
deadline = deadline + delay;
break;
case 1:
data_from_slave = receive(socket);

break;
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Figure 2.18: Overview of the PIC-based slave board

Slave Board

Each slave board (Fig.[218]) works with a SBC65EC board from MODTRONIX: this small
single board computer with Ethernet capabilities (10 Mbps) is based on a PIC18F6627
running at up to 40 MHz. Schematic of the board can be found in Fig. B2l of Appendix Bl
Note that all the presented circuitry and programs have been developed by the Depart-
ment of TMDV of the UMons.

Basically, each slave board has four tasks to complete:

1. Manage local network communication: this first task includes global packet
reception from the master, and the forwarding of real-world informations proper to
each leg.

2. Collect continuously positions of the three motor shafts: the reading of
encoders is executed continuously thanks to a hardware interrupt mechanism and
an interrupt service routine, which is triggered at each rising edge from the optical
encoder. Encoders have a resolution of 500 impulses/revolution which leads to a
signal frequency of about 60 kHz per encoder for full speed. Note that position used
in the master control update is stored as soon as the PWM signal has been applied
to the H-bridges, and that PI control is made on the stored values.

3. Drive the three motors: the three master commands are translated in a 10-bit
PWM signals for the LMD18200 H-bridges, which deliver necessary power to the
motors.

4. Perform A /D conversions of three motor currents and the board voltage
supply: they are executed after the PWM application. Voltage is measured only
one each board, because power source is identical for the three motors. The voltage
of each motor is deduced from this value and from the PWM command. Even if the



2.3. AMRU5 among these legged machines 21

L Time (ms)

Triggered from broadcast packet coming from the master

Figure 2.19: Timing diagram of the slave

H-bridge has a current output, the latter does not take into account the recirculating
currents: consequently they are overestimated. Moreover, the high gearing of the
motors requires an accurate sensing: this is why a Hall-effect current sensor (LEM
LA 25-NP/SP8) has been directly inserted in the motor circuitry.

The time diagram in Fig. summarizes precisely the necessary time for each task of
the slave (time is relative to the slave). Note that these times depend on the CPU load of
the microcontroller, which itself depends on the frequency of the rising edges coming from
the position sensors, thus from the motors velocity. For this reason, the time at which
operations are completed is not precisely determined. An upper bound is set to 1.5 ms to
consider that the slave is ready to emit data. This value has been checked experimentally
with full velocity of the motors.

It is worth to mention that no computation occurs on the board. This way of working
could be criticized because a lost of data information due to bad communication prevent
from a correct PI control. However, it has been checked experimentally that the commu-
nication protocol is very reliable and never loss data. A particular attention has been paid
to develop a very generic algorithm on the slave boards: in this way, no re-programming
is needed and controller implementation can takes place on the master directly, enjoying
the computational efficiency of the PC instead of the poor floating point calculation on
microcontrollers.

Communication

In control systems, there are usually two choices for communication interface:

e Parallel bus (ISA, PCI, Multibus, ...) is a set of parallel wires which allow high
data transmission rates, but with limited to relatively short distance because of
the difficulty of keeping the signal integrity. In the case of walking robots, these
distances are well lower than limits, and therefore parallel bus is usable (see for

example the SILO4 architecture in [SILOA4]).

e Serial bus (RS232, CAN, Device Net, Profibus, Ethernet, ...) is a serial communi-
cation channel, transmitting one bit at time. Devices are organized in network.
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Figure 2.20: UDP data encapsulation [KUROOS§]

Among this set of solutions, the Ethernet communication is appealing, mainly because
of its large bandwidth (up to 1Gbps), and the capability to give an address to identify
the devices on the network. Also, priority and collisions are managed in a transparent
way.

Above this layer, the Internet tools have been developed in ANSI C to send data
packets over the network. Standard functions allow the data conditioning, called encap-
sulation, and the creation of sockets, which are the access points in a program.

Two widespread protocols exit with the Internet: TCP (Transmission Control Proto-
col) and UDP (User Datagram Protocol). TCP is connection-oriented, and guarantees
a reliable transmission over the network. Indeed, an acknowledgement is sent by the
receiver in case of success; otherwise, a request asks to the emitter to send again the
data, until successful transmission. The weakness of this method is the time consumed
for acknowledgement(s) and data retransmission(s). One alternative is the connectionless
User Datagram Protocol UDP. Connectionless means that the target has no way to know
if data has been lost during transmission, but communication is faster.

In control applications like legged machines, the network is isolated from external
perturbations (local network) thus the lower layer is very reliable. Moreover, the network
traffic is predictable because size of packets do not change, and time for emissions and
receptions are determined. The next point is that, even if a packet is lost, the update
cycle will be missed, but corrected during the next cycle. Practically, losses of packets are
extremely rare. For these reasons, UDP is most of the time preferred to TCP [AUSLO02].
UDP also has the ability to send broadcast messages intended for every listener of the
network. This ability is used to synchronize the control process: the master sends in one
time all the commands to all the slaves, so they can begin their tasks simultaneously.

Practically, slaves and master have two sockets each: one for reception and one for
emission. Data are encapsulated as shown in Fig. the IP header contains an address
proper to the device, and the UDP header contains the source and destination ports,
which are proper to the running applications.
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Network Load The eighteen commands of the master are gathered in a 36 bytes buffer,
while the real-world data are put into a 20 bytes (buffer per slave).
There are two rules to ensure a correct working of the communication:

1. avoid segmentation of a frame in the network: it is recommended to limit the size
of UDP frames according to the following relationship:

UDPf,4me < Path MTU — 28 bytes.

Path MTU (Maximum Transmission Unit) is 1500 bytes for UDP: this condition is
fulfilled;

2. the maximum transmission rate must not be exceeded. Every 10 ms, there are
36-+20+8 = 64 bytes emitted by the master and 6x(20+20+8) = 288 bytes by the
slaves. So, the total transfer rate would be 100x (64+4288)= 35,2kB/s, widely infe-
rior to the 1250kB/s ethernet connection (10 Mbps = 1250kB/s).

Note: while for buses, the pair of communicating devices is usually called Mas-
ter/Slave, in the case of network terms Client/Server are rather used: for AMRUS, the
servers (slave boards) are waiting for the client request (broadcast packet with the motor
commands), then proceed to motor control and data acquisition to send back data to the
client.

Data synchronization

The complete control sequence from the master point of view is given in Fig. 2.21]

The time ty, at which the first slave begins its emission and the time interval At,
between two slave emissions are sensitive parameters in the communication scheme.

The first one is set in such a way that all the slave tasks described in Section
are completed: it has been experimentally checked that 1.5 ms gives a correct behavior.
Accounting for the delay transmission, the slave 0 begins its emission at 2.5ms in the
control period.

The time interval Aty must not be too long because the gait algorithm is performed
only at the end of all the slaves data reception, but it must be high enough to avoid
interferences between two slaves emissions. Indeed, the slave CPU load caused by the
interrupt-driven routine which counts the impulses from the motors can modify the emis-
sion instant over the ethernet. The more the motors are fast, the more the load is
important, and the more the emission time is delayed. This is represented by the Aty
in Fig. 2T7 Note that gait algorithm computation is not limiting in the communication
scheme: time required for each gait algorithm will presented in Chapter [l Generally
speaking, these calculations takes less than 1ms.

Figure gives more detail about the reception time of the slave data in the case
of a tripod gait. Index (@) denotes the slave identification number. During the swing
phase of legs 1-2-5 (grey area), the vertical actuator is moving fast, loading the CPU, and
consequently delaying the time at which the data are sent back to the master. Emissions
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from slaves 0-3-4 (in support phase) are quite regular due to the low velocities of the
actuators, meaning a weak CPU load. This phenomenom is inverted when legs 0-3-4 are
swinging (hatched area). Note that during the overlap phases (transitions during which
the six legs are on the ground - see Section [[5.]]), all the slaves undergo approximately
the same CPU load. Results is that emission are even with a At, = 700 us.

Measurements shown that delayed time Aty is less than 300 us: therefore At, has
finally been fixed to 500 pus. The 700 us of Fig. having been imposed for the reader’s
convenience.

A last remark is about the noisy shape of the curves in Fig. Because the used
operating system is not “hard” real-time, other processes can take the priority, delaying
the broadcast sending and the rest of the operations in the communication scheme. Most
of the time, all the operations are done within 10 ms, as shown in Fig[2.22] where the latest
data reception are under 9 ms. The control time slice is rarely exceeded. If necessary, the
robot is stopped.






CHAPTER 3

Modeling of six-Legged robots

Apart from the dynamic model of the robot structure, some multiphysic elements are
required to study walking machines. For example, walking gives rise to transitional loads
on the feet, which have to be handled correctly by the actuator controllers. Actuation
often consists in high-geared motors : consequently, joint friction should be modeled to
have a correct estimation of power consumption.

The present chapter is devoted to the modeling method applied to AMRU5. Sec-
tion B.1] presents a state of the art about the modeling of walking machines, and outlines
the contribution of the present work. Then, the modeling issues are stated and discussed
in Section The multibody framework EasyDyn is comprehensively presented in Sec-
tion Application to the AMRUbS hexapod is developed in Section B4l This chapter
ends with Section where an overview of the model specifications such as the number
of configuration parameters, bodies and equations is given.

3.1 State of the art

In the case of walking robots, the simulation can help for three points:
1. the design of the structure;
2. the development of gait algorithms;
3. the gait optimization.

The designs of six-legged robots are very numerous, as evidenced in Chapter 2l A
wide range of possibilities exist to create a hexapod. Simulations allow to explore original
designs and their feasibility. Placement of the legs around the body can be rectangular
or hexagonal, actuation can be electrical, pneumatical or hydraulical. Leg mechanisms
are also quite different: some have closed- (AMRUDS) or open-loop (SILOG6) structure,
or are biologically-inspired (AJAX). Actually, each walking structure is almost unique.

27
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In this sense, dynamic simulation-based design could help in the development and the
characterization of such machines.

Interaction of these vehicles with the environment is the second step of the design
study. Dynamic simulation of legged vehicle began twenty five years ago, with Shih et
al. [SHIH87]. They develop a simplified three dimensional dynamic model of the OSU
hexapod, using a compliant joint model. Principle is that the parts of the robot are
linked with a force element, in this case a three DOF spring-damper. The model is
quite simplified, each leg is considered as one link, attached to the main body by a ball
joint. The ground contact is also modeled by a compliant element. Results are shown
for impact of legs on the ground, and agree quite well with the original measurements.
One of the first general models dealing with realistic considerations like joint friction or
soil interactions was developed for locomotion on natural terrain [MANK92]. Foot-soil
interactions and joint friction, both experimentally identified, are included in the model.
Simulations on flat settlement (“drop* of the robot on the ground and settlement of the
ground contact forces at foot) and of one gait cycle are made to estimate the joint torques
needed in the case of the Ambler hexapod. Establishment of other general models are

found in literature [BARR98,[GONZ06,[GARCO3,[MAHAQ9.

Beside the global 3D modeling, some authors focus on the leg and its dynamics.
Garcia et al. [GARCO0,[GARCO3] underline that most authors neglect the leg parts in
their model, without any real estimation of their contribution. Indeed, it is commonly
admitted that high-geared actuators typically encountered in legged robots are very
few sensitive to inertia, centrifugal and Coriolis forces. However, high-geared motors
introduce flexibility, backlash and friction which should be modeled to get reliable simu-
lations. They finally propose a method to determine the relevant dynamics influencing
the joint of a leg mechanism, with an actuator model including friction losses. Silva et
al. [SILV05] go further by involving a compliant behavior in the joints and the backlash
occurring at teeth impact in the gearbox.

The second point concerns the development of gait algorithms. They were initially
based on pure kinematic robot models [LEESS|[SAT.M96] for classical gait approaches,
or, more recently, for biologically-inspired approaches [FIGL0OT|. They just described the
kinematics of the robot, and did not involve dynamic aspects. However, interaction with
environment and actuator limitations have an important influence on robot control, and
the scientific community began to involve them in the modeling. For example, capabilities
in terms of mobility and agility are investigated in [BOWLO06]. Bowling determines
the maximum achievable accelerations of the main body, computed under non-slipping
feet condition and without saturation of the actuators. In the same lineage, Silva et
al. analyze the robot "locomobility“ [SILVOS]: this index, close to the manipulability
ellipsoids given in robotic manipulators theory [SICI09], measures the capability of the
body and the legs to change their position arbitrarily. Other motions, like turning, have
been investigated. Tsuchiya et al. [TSUCO6] use a simplified 2D dynamic model of a
multi-legged robot to show the birth of a meandering motion for inadequate controller
gains.
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The third point relates to gait optimization for energy saving. Marhefka and Orin
IMARHO7| edit five rules for setting velocity, footholds, body height, duty factor and
stroke to achieve a maximum energy efficiency during the gait. Although the hexapod
structure and environment are no very detailed, the actuator model includes viscous
friction, electrical circuits and load caused by the legs dynamics. Silva et al. [SILVOS)]
propose, although 2D, a more detailed dynamic model of a hexapod with which they derive
trends about the energy consumption by varying the gait duty cycle, the body height,
the forward velocity and the maximum foot clearance. A simplified energy consumption
model based on the DC motors equations is proposed by Gonzalez De Santos [GONZ09],
where only the ground-contact forces during a tripod gait are computed and used to derive
the actuators energy consumption. The robot is supposed to move at constant velocity,
with constant stroke of the feet: the only parameter used for the energy minimization is
the distance between the foot and the leg anchor point on the main body.

Following this brief review, we state that many models of legged machines exist. First
conclusion is that they seem comprehensive enough to capture the relevant elements re-
quired for mechanical design. Secondly, gait algorithms can be developed with a kinematic
model in a relative confidence, because hexapods are generally slow machines, and con-
sequently inertial forces are not so important in the gait. For the third point concerning
the gait optimization and energy expenditure, authors have deeply investigated the effects
encountered in actuators, but results of simulations are not validated by experiments on
the whole robot. In robot manipulators, comparisons between simulation and experi-
ment exist [ARMSI91LI[GROT02,[GROT04,BONAOG]. For legged machines, Guardabrazo
et al. [GUARO3] show a good correspondence between model-based currents and mea-
surements for the three joints of the SILO4 leg performing a gait cycle on a treadmill.
This work has been remarkably materialized in [GONZ06]. However, to the best of our
knowledge, no author has compared the simulations results to the measurements for a
complete hexapod actuated by DC motors and walking. Therefore, an important part
of the present work is dedicated to the validation of a comprehensive dynamic model by
comparing simulation results and experiments, in the case of a periodic gait. However,
it is worth citing the work of Nair et al. [NATR92]. They modeled comprehensively the
ASV vehicle based on hydraulic actuators. They were able to reproduce the evolution of
differential pressure in the hydraulic actuators in a very accurate way.

A huge number of tools exist to simulate robot dynamics [CORK96|[SAMI03|[ZLAJ0S],
some of them being even dedicated to legged machines [REIC00,SCHMO03]. Choice has
been made to use the EasyDyn! C++ open source library [VERLO5D]. It has been devel-
oped for the simulation of systems represented by second-order (or first-order) differential
equations and, more particularly, multibody systems. Even if the modeling is not straight-
forward as in commercial software, its flexibility is by far the most important asset which
motivates our choice.

Thttp://mecara.fpms.ac.be/EasyDyn/
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3.2 Modeling issues

Basically, the modeling of legged machines is composed of two parts. The first one con-
cerns the dynamics of the robot motion: we chose a multibody approach which automat-
ically takes into account the inertia and gravity forces. This model is completed by the
relevant forces encountered by walking robots, that is to say:

e the ground contact forces, which are intermittent unilateral forces between the feet
and the soil;

e the friction in the joints;
e the motor torques.

The second part of the model concerns dynamics and control of the actuators.
Before the modeling itself, a description of the EasyDyn framework is provided in

Sect. 3.3
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Figure 3.1: EasyDyn framework

3.3 The EasyDyn framework

Figure Bl depicts the EasyDyn framework. It consists of four modules (vec, sim, mbs,
visu) written in C++ , which allow to build and solve any multiphysic problem described
by a set of first or second order differential equations.

3.3.1 General overview
The library is organized in four modules:

e vec: C++ classes relative to vector calculus (vector, rotation tensor, homogeneous
transformation matrix, inertia tensor) and corresponding assignment methods and
operators;

e sim: routines for integration of second-order differential equations, based on the
Newmark method;

e mbs: front-end to sim building the equations of motion from kinematics and applied
forces, according to a minimal coordinates approach;

e visu: easy creation of files describing scenes composed of moving 3D objects for
further visualization.

Moreover, EasyDyn provides a tool, called CAGeM (Computer-Aided Generation of
Motion), which automatically generates the complete kinematics (positions, velocities
and accelerations) of a multibody system only from the position information. CAGeM
is actually a MuPAD script, which uses the symbolic features of MuPAD to differentiate
the position matrices. MuPAD is a computer algebraic system which was free for non
commercial applications when EasyDyn was started. Unfortunately, it is no longer the
case. Investigation with XCAS [PARII(] is presently in progress.



32 3. MODELING OF SIX-LEGGED ROBOTS

EasyAnim 1.3 - Faculte Polytechnique de Mons (www.mecara.fpms.ac.be)
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Figure 3.2: EasyAnim window with the AMRUb hexapod

The scenes created by the visu module can be read with the EasyAnim? animation
software. A typical overview of the animation window is presented in Figure 3.2

3.3.2 The sim module

The sim module solves ODE’s of the form:

f(g.4,4,t)=0 (3.1)
with:

e t the time;

® q,q, q the vectors gathering the state parameters of the system and their first and
second time derivatives;

e f the vector gathering the residuals of the differential equations governing the be-
haviour of the system.

Note that first-order differential equations of the form f(y,4,t) = 0 can be solved by
defining y = ¢ and ¥ = @, g becoming meaningless.

Numerical integration is a step by step process consisting in determining the state a
t + h from the state at time ¢ (and possibly some other previous states), h being the time
step, chosen in order to get an accurate representation of the behavior of the system. If the

http://mecara.fpms.ac.be/EasyDyn/
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lobal system has n,, parameters q, then we have 3 x n., unknowns g™, ¢'*", """ and

g y p P q D q q q

the same number of equations is required. The first n., equations are given by equations
q q p €4 g Yy €q

of motion under their residual form (Eq. (B1)), noted as follows:

fl@ ¢t gt t+h) =0 (3.2)

The missing 2 x n., equations express the dependency between configuration param-
eters g and their time derivatives:

t+h
¢M=¢+/ q dt, (3.3)
t

t+h
¢M2¢+/ g dt. (3.4)
t

These last 2 x n., equations are unusable as is and are replaced by so-called integration
formulas which estimate the integral from an assumed evolution of the configuration
during the time interval. They take the following general form

gt = Ma™,q¥.4"") (3.5)
qt+h = A(qgta q§ta QSta “H_h)' (36)

Equations (B3) and (&0) indicate an implicit formulation if terms ¢'*" are present, and
explicit otherwise.
The sim module implements the Newmark integration formulas:

q*" =q' +hq' +(0.5— B)h’g" + phg""
""" =q" + (1 = 7)hg" +yhg™"

where h is the integration time step, and /3, the method parameters. Equations (31
and ([B.8)) are a nice compromise between implementation issue, stability (v < 24 and
~v > 0.5 ensure unconditional stability for linear systems) and accuracy (second order).
Equations (B.7) and (B8] are introduced in Eq. ([3.2)), resulting in a set of n., nonlinear

equations in the unknowns g'*" expressed as

F(g™) =o. (3.9)

Resolution is performed with a Newton-Raphson algorithm, where acceleration at time
t + h is computed after several iterations. For iteration n, we have:

- t+h,n
q

— qtﬂLh,nfl o J—l . f(qtﬂLh,nfl’ qt+h,n71’ qu*h,nfl7 t h) (310)
where J is the jacobian matrix [HAIR91] (also called iteration matriz) of the equations F

with respect to the unknowns ¢'™". Term of line i and column j of this matrix is written:

oF, Of, of, 0N of, oA

7

S h — A oo T e
8q§+h 0q; 0q; 0§ttt oq; Ogth

Jy = (3.11)
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Figure 3.3: Structure of the sim module

If we introduce the tangent stiffness matrix KT and the tangent damping matrix CT,
defined by

of of

J aqj J 8qj ( )
the iteration matrix J can be rewritten as
oA OA
In the case of the Newmark scheme, the iteration matrix is given by
J=M+CT -~vh+ KT - Bh* (3.14)

Implementation

An overview of the sim module is shown in Fig. Practically, the user just has to give:

e The equations of the system under residual form (Eq. (BI)) in the
ComputeResidual () routine

e The saving routine, SaveData(), and the routine WriteDataHeader () writing the
header of the result file which contains the names of the saved variables. The
module also comes with ready-to-use routines WriteStateVariablesHeader () and

SaveStateVariables() which are configured to save time and state variables q, q, q
and possibly the system inputs.
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e The main() function, which typically contains the following:

1. The number of configuration parameters nbrdof and possibly of inputs
nbrinput.

2. The memory allocation function InitEasyDynsim().

3. The call to NewmarkIntegration() routine, which performs the integration
up to final time, and save results at regular time intervals after which the
states are saved. These intervals are specified by the user, as well as the
maximum integration time step. Practically, each time interval is performed
by calling NewmarkInterval () which itself calls NewmarkOneStep () (resolution
of Eq. BI0) as many times as necessary, adjusting the time step to keep the
integration error below a given tolerance:

2 Mep (= t+h _ =1)2
€ = Z\/le(ql ql ) (315)
12 Nep

4. The memory deallocation routine EndEasyDynsim().

The Jacobian matrix of Eq. (B.I3]) is estimated column by column with a numerical
derivation. The method consists in computing the difference between residuals with cur-
rent values g, ¢ and @, and the residuals computed by these values incremented by «,
avh and a8h? respectively, where « is a parameter fixed in EasyDyn to obtain a satisfying
convergence.

Finally, some extra tools for system analysis are provided. The first one concerns the
research of static equilibrium with StaticEquilibrium(). The implemented method is
the finite displacement approach: in other words, the system is abandoned to go to its
natural equilibrium position. The resolution follows the Newmark integration scheme in
which velocities are fixed to zero.

The second tool is used for system linearization. If only small perturbations are
considered with respect to a given configuration, the equations of motion can be linearized.
Such a linearization will be used in Chapter M for the design of the joint controllers. For a
reference state of the system denoted 0, residual equations (B.II) are linearized according

to:
of . Oof . Of of
74, q 24, q P, Pul, (3.16)
or
M- -AG+CT -Ag+KT -ANgq=F -u (3.17)

where F' is called the influence matrix. A numerical derivation is performed separately on
q,q, q and input uw to deduce tangent stiffness and damping matrices, the mass matrix
and the input contribution matrix respectively.
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3.3.3 The mbs module

For multibody systems, the construction of residual equations (B is very tedious to
do by hand, and must be computer-aided. The aim of the mbs module is to supply the
residual equations of motion of the multibody system to the sim module so that Newmark
integration can be performed. The minimal coordinates method is implemented in mbs: in
this case, there are as many equations as configuration parameters n.,, because kinematic
constraints are hidden in the kinematic description [ANAN9]|. The drawback is that all
the kinematic analysis must be performed expressly for each system and can lead to very
complex expressions of bodies velocities and accelerations. In the following, conventions
for kinematics and forces are detailed before the formulation of the equations of motion,
and the implementation of the mbs module in EasyDyn.

Kinematics

A convenient way to describe the spatial position and orientation of body j with respect to
body i is throught the homogeneous transformation matrix (HTM) formalism [PAULSI]:

R;; {p , }z
T, = ] Gi/i 1
“ ( 000 1 ) (3.18)

where

° {pGj/Z-}Z- is the coordinate vector of point G; with respect to frame ¢, projected in
frame i;

e R, ;is the rotation tensor describing the orientation of frame j with respect to frame
i.

From this, the coordinate vector of point P with respect to frame j, pp/;, is given in
frame 7 by the homogeneous transformation:

( {p;i/z-}z ) T, ( {PPl/j}a‘ ) (3.19)

which is equivalent to:

{pP/z‘}z' = {pGj/i}z’ +R;; - {pP/j}j (3.20)

For the sake of simplicity, we will introduce the o operator such that

{pP/i}i =T,;;o0 {pP/j}j (3.21)

One interesting property is that bodies description can be done recursively, relatively
to previously defined bodies, and not systematically in the global frame. Formally, HTM
between bodies k and 7 can be expressed through an intermediary body j:

Ti,k = Ti,j . Tng (322)
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Figure 3.4: Homogeneous transformation matrices between two frames

A second nice property is that the absolute velocities and accelerations of body ¢
in the global reference frame, ({vi/0}o,{@i/0}o) and ({wi/0}o, {wi/o}o) respectively, can
be obtained from differentiation of the body position and orientation. The following
paragraphs describe the computation of linear and rotational velocities and acceleration.

For the reader’s convenience, note that:

e the vector coordinate of body j center of gravity Pa, )i will be noted p; ;: the point
will be specified only if it differs from the center of gravity;

e the observer frame will be specified only if it is different from zero: p,, is thus
simplified as p,.

Linear velocity and acceleration In a minimal coordinates approach, the body ¢
HTM relatively to the global reference frame is expressed in terms of the configuration
parameters:

Toi(q) = ( 1?)0,8(3) {pz-(lq)}o ) : (3.23)

so that its linear velocity v; (3 x 1) is expressed:

Nep Nep

dp, op; . .
i = L — L. . = dz . . 324
v 7 ]Zl 8% qj ]Zl i dj ( )

In Eq. (8:24), d;; represents the partial contribution of parameter g; in the translational

velocity of frame 4. The latter are gathered in the so-called velocity matrix Jg; (3 X n.)

[']Si]o — ({dzl}O {diQ}O N {dincp}O) . (325)
Body i velocity in the global frame is thus computed by:
{vito = [Jsily -4 (3.26)
One further derivation leads to the linear acceleration:

{ai}o = d{;’;}o = [Jsily -G+ |:']Sii|0 -q. (3.27)
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Rotational velocity and acceleration It is well known that the elements of the
rotational velocity vector of body i w; are given, in the absolute reference frame, by the
following relationship:

where operator a is defined by:
0 —a, ay
a= a, 0 —a, (3.29)
—Qy 0

Further developments of this equation lead to:

o~ ORy, R S T
3 SR 4=y 654 (3.30)
4 —

@il = Ro.i - Ry, =

j=1

Nep

j=1

where d;; is the partial contribution of parameter ¢; in the rotational velocity of frame
1. They are gathered in the so-called velocity transformation matrix J,; for a rotational
motion

[Jwily = ({5i1}0 {0:2}0 .. {5mcp}o) . (3.32)
Body i angular velocity in the global frame is thus computed by:

One further derivation leads to the angular acceleration:

{wito = % = [Ty -G+ [‘7“}0 -q. (3.34)

Applied forces

The minimal coordinates approach implies that only the applied forces have to be ex-
pressed, because joints forces don’t produce any work and would disappear from the
equations of motion.

We will consider here the forces from their resultant wrench at the principal frame
(center of gravity) of the body they act on. If n; forces and n,, moments exert on body
1, the resulting force R,; is given by:

nf
R, =) F, (3.35)
j=1



3.3. The EasyDyn framework 39

and the resulting moment M,;:

Nm, ng
M;i=> M+ pp, < F; (3.36)
k=1 j=1

The dynamic analysis of the system needs the expression of the resultant wrench of
all forces acting on each body, in the axes of the global reference frame, in terms of the
configuration parameters, their first time derivative, and time, that is to say, for each
body i, {R;(q,q,t)}o and {M,(q,q,t)}o. In the case of walking robots, gravity, friction,
ground contact forces and torques applied by the actuators will be considered.

Formulation of the equations of motion

Equations of motion are written in minimal coordinates, following the virtual powers
principle, which states that the power developed by all forces acting on a system, includ-
ing applied, joint and inertia forces must vanish, for any virtual motion of the system.
Moreover, if a kinematically admissible virtual motion is considered, the joint forces do
not develop any power and only the inertia (including Coriolis and centrifugal forces) and
applied forces will have to be taken into account. Formally, for a system with n, bodies
and n,., configuration parameters gathered in array g (n., x 1), the n., equations can be
built as follows:

np
Z [dZ] . (_FI,Z — miai) + 5,~j . (Mz - <I>G1wl —w; X (I’szz)] = 0 j = 1, ...,Tch (337)
i=1

with

1. m; and ®¢, the mass and the central inertia tensor of body i;

2. R; and M, the resultant force and moment, at the center of gravity, of all the
applied forces exerted on body ;

3. a;, w; and w; the translational acceleration, the rotational velocity and the rota-
tional acceleration of body ¢, respectively;

4. d;j and §,; the partial velocity contributions.

Projection of Eq. (B.31) in the absolute reference frame leads to the classical form of
the n., equations of motion:

M(q)-q+h(q,q) =9(q.q.1) (338)
with
o M(q) (ne X nep) the mass matrix defined by

M(q) = 02 m [Talt - [Tsily + it - {®a Yo [Tuile);  (3.39)
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Figure 3.5: Structure of the mbs module and interactions with sim

e h(q,q) (ne x 1) the contribution of centrifugal and Coriolis forces given by

h(q,q) = > 7% [(m; [Js¢]§ : [J'Si]o + [Jm]g AP, }o- |:J;,ui:|0) q
+ [sz‘]g Aw; x B w;tol; (3.40)

® g(q,q,t) (ne x 1) the contribution of the applied forces described by
g(q.q,t) = Z?fl[[J&]g {Ri}to+ [Jm]oT {M}ol. (3.41)

Implementation

An overview of the mbs module and its interaction with sim is shown in Fig. The
user has to give the same parameters as for sim, plus:

e The number of bodies nbrbody.
e The number of dependent parameters nbrdep.

e The routine SetInertiaData() which defines masses and inertia tensors of the

bodies.

e The routine ComputeMotion() which includes the kinematics of the whole system
expressed in terms of configuration parameters. Practically, the HTM of each body
T, with respect to the global frame and velocities and accelerations projected in
the global reference frame, (that is to say ({v;}o,{@:}o) and ({w;}o,{wi}o)) are
expressed inside this function.
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e The routine ComputePartialVelocities() (optional) inside which the partial ve-
locities of Eq. (B.31) are described in the global frame; if it is not specified by the
user, the partial velocities are estimated by a numerical derivation;

e The routine AddAppliedEfforts() where the resulting forces and moments acting
on each body (Egs. (833]) and (B:30])) must be given. To help the user, some routines
are provided for classical force elements like springs, dampers, tyres, ...

The main routine must call the functions for memory allocation and dealloca-
tion (InitEasyDynmbs() and EndEasyDynmbs()), and as previously typically calls
NewmarkIntegration() for time integration.

The ComputeResidual () routine of sim calls ComputeResidualmbs (), which builds
the equations of motion (B37) from the results provided by ComputeMotion() and
AddAppliedEfforts().

It is interesting to notice that the dimension of the system solved by the sim module
can be equal or greater than the number of equations of motion of the multibody system.
In other words, any other physical system whose dynamics is described by first- or second-
order differential equations can be inserted in addition to ComputeResidualmbs () inside
the ComputeResidual () routine. This has been done for the robot, by adding controllers,
actuators and friction models (see Sect. B.4]).

3.3.4 Practical use

Practically, the user has a computer-aided tool called CAGeM to generate its C source
code. He has to fulfill an ASCII file with:

e the inertia properties;

e the number of configuration parameters;
e the number of dependent parameters;

e the number of bodies;

e the number of inputs;

e the kinematics of the whole system, in terms of configuration and dependent pa-
rameters; the kinematic description is made at position level only, by means of
elementary homogeneous transformation matrices (see Appendix [Al);

e the expression of the prospective dependent parameters;
e the initial conditions.

This file is read by the CAGeM script under MuPAD, which generates a ready to com-
pile C++ file, including the complete kinematics of the system (positions, velocities and
accelerations of all the bodies) obtained by symbolic differentiation of the homogeneous
transformation matrices. This file is then completed by the user as desired.
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Figure 3.6: Slider-scrank mechanism

Enhancement of the kinematic calculation time

The modeling in minimal coordinates with EasyDyn initially required long calculation
times for kinematics, especially for three points:

1. the partial velocities of Eq. (837) were estimated by a numerical derivative on the
global kinematic function ComputeMotion(). Many terms of the partial velocities
can be null, but are anyway computed;

2. the description of the bodies with respect to the global reference frame becomes
quite long for systems with a large number of bodies, resulting in an increasing time

of velocities and accelerations calculations by Eqs. (3:206]), (3:217), (833) and (3:34);

3. the kinematic configuration can be a complex expression of configuration parame-
ters, involving trigonometric functions, long to derive and compute.

For point 1), the CAGeM module has been adapted so that the direct expressions of
partial velocities are given in the C++ source code, avoiding the numerical derivation. For
point 2), relative motion has been implemented in EasyDyn, in the same idea as multi-
body modeling with relative coordinates. Velocities and accelerations are computed with
respect to a reference body instead of the global coordinate system, and then they are
recomposed from velocities and accelerations of this reference body. For point 3), the com-
plex combination of configuration parameters is defined through dependent parameters,
which are computed only once at each time step of the simulation, instead of reevaluating
it many times in the kinematic function.

To illustrate the use of dependent parameters, consider the slider-crank mechanism
of Fig. B.@l whose configuration parameter is ¢q, the angle of the crank. If we define
intermediary variables a and z as:

a = arcsin <l1811nﬂ> (3.42)
2

r = lycos(qo) + lacos(qr), (3.43)
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the kinematic description in terms of HTM becomes:

e for the crank :

To.crant = T (q0) - T(11/2,0,0); (3.44)
e for the connecting rod :
To.connrod = T*(2,0,0) - T (—a) - T*(~1>/2,0,0); (3.45)
e for the slider :
To,sti0er = T%(,0,0), (3.46)

where T(-) represents a 3D translational displacement, and T (-) a rotation about i
axis.

Without dependent parameters, a and x are replaced everywhere by their expression
in the symbolic engine (MuPAD/XCAS) leading, for example, to the following expression
for the velocity of center of gravity of body 1:

“90 50 CI0) 91, 1 o sin (g0)-

2
b

12 l2cos(2q0)
. 2t Heos (a0)
{vg, }o = PR R—— (3.47)
2
l1Go cos (o)
2

0
If dependent parameters are specified such as py = « and p; = x, the velocity becomes
simpler:
P+ l2po sin (po)
_ 2
{va to = L2 €05 (o) . (3.48)
0

Evaluation of Eq. ([B.48)) is by far faster than that of Eq. (B.47).
The first time derivative of dependent parameters are:

‘ l1go cos (o
Po = 2 <2 ) <349>
l27i+m
l2 . 22—22
l
2
- 2 ﬁ l% cos (2qq)
_M — l1l2(jo sin <QO) : - Jrl% :
. (3.50)

l2—ﬁ+ l% cos (2qq)
2 2 2

i3

Even if Eqs. (349) and (B.50) are also long, they are computed only once during the
kinematic calculation, while without them « and z are always completely developed. The
effect is still more impressive on acceleration. For example, the expression of ag, , is 1710
character long, without the use of dependent parameters, and only 78 otherwise.
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Reduction type qr Qv an
Gearbox 531:1 33:1 28:1
Sprocket chain 38:12 1:1 1:1
Ball-screw - 2094:1 (rad/m)  2094:1 (rad/m)

Global reduction n 1682:1 69115:1 (rad/m) 58643:1 (rad/m)

Table 3.1: Reduction ratios of transmission elements

3.4 Application to AMRU5

The AMRU5 model consists of 49 bodies and 24 degrees of freedom (DOF):
e main robot body: 1 free body with 6 DOF;

e leg chassis: 1 body per leg, linked to the main body by a revolute joint, and whose
position depends on the rotational DOF g,;

e motors shafts: 3 bodies per leg; they have a revolution motion directly related to
the rotational, vertical and horizontal DOF through the reduction ratios given in
Table B.1k

e pantograph mechanism: 4 bodies per leg, linked by revolute joints, and forming a
closed-loop structure depending on ¢, and ¢, (Fig. B.g).

3.4.1 Kinematic description

Degrees of freedom are gathered in the vector q according to

q’ (XY Zd0 U
0 0,0 0T

a=| T | = (a4 ap) (3.51)
q° (@ @ a)"

where superscript b and 1...5 denote the main body configuration parameters, and the leg
identification number respectively. Figure [3.7] illustrates the modeling of the main body
and a leg. The pantograph mechanism is included in the 7 plane, and the center of gravity
of the leg chassis is in 7.

Position of the main robot body in the global reference frame is expressed by successive
elementary operations of translation and rotation. The resulting HTM of the body T is
written

Toy = ( (ﬁ;“(’) {pf}o ) = TUX,Y, Z) - T%(®) - T (©) - TF () (3.52)

The form of elementary HTM is given in Appendix[Al The orientations are given according
to the yaw (®), pitch (©) and roll (V) angles. To make the description of the pantograph
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Global reference frame C

@ Active prismatic joint

@ Active revolute joint

Figure 3.7: Kinematic description of a leg
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Figure 3.8: Kinematic study of the pantograph
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easier, two dependent parameters py and p; are expressed in terms of ¢, and g,. Consider

the pantograph of Fig. B8 we have:

Po = 0—7

phr = T

The angle v is expressed by:

. 0
v = arcsin | —— |,
(x/ g2 + Qi>
For angles ¢ and 7, the Carnot’s rule can be written in triangle klc:

? = k>4 ¢ —2kccosd

E? = 1?4+ ¢ —2kecosT,

from which § and 7 are expressed:

5 - k32 + C2 _ l2
= arccos 72]{:0

02+l2—k2)

T = arccos
( 2lc

Finally we come to:

P arccos G+ q,% +o—F arcsin B U
o = -
2c0/q; + 4 Ve +ap

212 _ 2 _ 2
p1 = arccos et i
2le

The leg bodies are therefore characterized by the following HTM:

e leg chassis (the center of mass G, belongs to 7'):

To.=Top T (a) - TYO,0) - T (—q,) - T*(O,G.);

e the pantograph link 0 (center of mass Gy):

Tow = To. T(GC") - T(0,0,00) - T (—po) - T*(AGy);

e the pantograph link 1 (center of mass G;):

Ton =Ty TY(GoB) - T™ (7 — p1) - T*(BG,);

(3.53)
(3.54)
(3.55)

(3.56)

(3.59)

(3.60)
(3.61)

(3.62)

(3.63)

(3.64)

(3.65)

(3.66)
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e the pantograph link 2 (center of mass Gs):

Tos =To. THG.LC*) - T q,0,0) - T (—py) - T*(DGy) (3.67)

e the pantograph link 3 (center of mass Gj):

Toi3="To0- Td(GOC) T (m—p1) 'Td(DG3)§ (3.68)

e the rotors (subscript r) are related to the leg degrees of freedom g, q,, gn through
the reduction ratio n,., n,, ny:

T,, = To. -T.) T, q) (3.69)
Tr,v - TO,C ' Td() : TRZ (nv ’ qv) (37())
T., = Ty.- Td(---) .The (nh . qh). (3.71)

The rotors location has not been detailed explicitely for the sake of clarity of Fig.[B3.7

Contribution of kinematic improvements

Even if the robot model is not completely developed yet, it is interesting to attract the
reader’s attention to the kinematic computation improvements developed in Sect. 3.3
Four simulations of a gait during 75s have been performed on a 3GHz Dual Core PC

(64 bits) with 2Go RAM :

e the first one does not use neither dependent parameters nor direct calculation of
partial velocities;

e the second one uses the dependent parameters but still estimates the partial veloc-
ities with a numerical derivation;

e the third one uses direct computation of partial velocities but no dependent param-
eters;

e the last one enjoys dependent parameters and direct computation of partial veloci-
ties.

All the other modeled elements are identical: simulations are made for a tripod gait of
the robot, with a leg cycle of 15s, a main body forward velocity of 2cm/s. It includes
gravity, ground contact forces, actuators and controllers models, and LuGre friction in
the joints.

Table shows that both contributions clearly improve the simulation time, with
a factor ~ 2-3 for dependent parameters and =~ 8-13 for direct computation of partial
velocities.

Remark that the generation of the C++ file without the use of relative motion has not
been successful with MuPAD), because expressions of the complete model are too long and
require too much memory.
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Computation of partial velocities Dependent parameters Simulation time

numerical derivation no 93 min 53s
numerical derivation yes 32min 59s
direct method no 7min 118
direct method yes 4min 20s

Table 3.2: Simulation times for different kinematic improvements

body i

Side view

>0

Figure 3.9: Penetration between two bodies [VERLOT|

3.4.2 Ground contact forces

Modeling of ground contact forces has been widely discussed by the scientific community.
In the case of walking robots, two approaches emerge from the literature: either contact

with ground is modeled through constraint equations [BOWL06,[KRAU9T, PFEIO0]; or
by a force element (3-DOF spring-damper) inserted between the leg tip and the ground

[SHIHS7, FREE9 1, MANK92|STLV05,IGONZ06,SHENOS]. With this method, the foot is
assumed to not slip at ground interface. If sticking and slipping are considered, it is
necessary to describe the friction at ground with a method similar to those of Ouezdou
et al. [OUEZ9S].

We assume the case of a contact between a point and a plane with some compliant
behavior, which depends on the penetration § represented in Fig. 3.9 The magnitude of
the normal contact force (following the vector n direction) is

)

F, = Kgnd5pK + Dgnd5pD%, (372)
where Kg,q and Dy, are the contact stiffness and damping respectively, and pg, pp
fitting exponential coefficients. The tangential friction force is defined by a Coulomb
friction model with a linear approximation at zero neighborhood:

(3.73)

. {_M.Fn.vzi?m if [[v]] < Vgtims

—p if [lvg]| = vgiim
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Figure 3.10: Friction model for the ground contact

Parameters Symbol Value
Penetration exponent PK 1.5
Penetration rate exponent PD 0.5
Soil stiffness Kyna (N/m?Px) le6
Soil damping Dyna (Ns/mPPt)  5ed
Soil static friction coefficient I 0.3
Limit slip velocity Vglim (m/S) le-4

Table 3.3: Parameters of ground contact interaction

where g is the dynamic friction coefficient of the contact, v, is the slip velocity of the
contact point with respect to the ground and vy, is the threshold preventing from dis-
continuity at zero velocity. A schematic representation of the model is given in Fig. B.10l

The fact that there always exists a small slipping at leg-ground interface is not critical:
by setting the threshold vy, low enough, the slip velocity becomes negligible and the
effects of friction can be caught.

AMRUS5 is supposed to move on a rigid ground. The penetration exponent has been
chosen to verify the Hertz’s theory for a contact between a sphere and an elastic half

plane:

4
Flier: = gE*\/E - 5%/ (3.74)

where Fy.,¢. is the contact force, R is the sphere radius, ¢ is the soil deflection, and E*
is an equivalent elastic modulus given by:
1= V12 1-— 1/%
Ex E Es

(3.75)

with F1, E2 the elastic moduli and v, 15 the Poisson’s ratios of the bodies in contact. In
this theory, the soil stiffness parameters K, is equivalent to %E* VR. The soil stiffness
has been fixed to 1e6 N/m’, such that the deflection is about 2.3 mm when the robot is
standing on three legs. Parameters of Eq. (8.72)) and (3.73]) for feet/ground contact are
gathered in Table Soil damping is set to ensure good convergence of the numerical
simulations.
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3.4.3 Joint friction

Friction is a complex phenomenon which has a decisive influence on the actuation energy
expenditure. Several models are briefly introduced in this section: the identification for
AMRUS is detailed in Chapter (Bl

Friction at steady-state velocities is known for a while. Da Vinci already states that
friction force is proportional to load, opposed to the direction of motion and independent
of the contact area. Coulomb (1785), Morin (1833) and Reynolds (1866) followed him
and contributed to many discovers. But friction is also a dynamic problem. Phenomena
as stick-slip, hysteresis at low displacements and frictional memory [ARMS94b] confer
copious challenges to engineers who desire to control servomechanisms with precision.
All these mechanisms exist when surfaces are in contact, but they occur for different
conditions (velocity, lubrication, load...) [RABI5]. An impressive state of the art about
friction phenomena is given in [ARMS94].

Friction at steady-state velocities can be generally described by the General Kinetic
Friction model (or Stribeck curve). For the case of a simple mass pulled by a force F,

(Fig. [3.11(a)]), the friction force is expressed by the following equation:

Fd+(Fs_Fd)eXp<_|v/vst|v>+va 1fv7£0
Fr=<F, if v=0and |F,| < Fj
Fisgn(F,) if |F,| > Fs, with v = 0 but v # 0 (breakaway)
(3.76)

where :

e [, Fy and F; are the force applied to the mass, the dry (or Coulomb) friction and
the static friction (or breakaway) forces respectively;

e f, is the viscous friction coefficient;
e v is the relative velocity between the sliding surfaces;

e v, and v are parameters used to fit the curve with experimental data; the Stribeck’s
velocity vy corresponds to the transition zone between the partial and the full fluid

lubrication [SPIN9T].

The evolution of Fy with the velocity v can be asymmetric, as depicted in Fig. [3.11(b)|

At high velocity, friction is easy to model, because the main effect is the lubricant
viscosity. The Stribeck’s effect happening at low velocity is unstable: when v increases
from 0, friction force decreases, which rises the acceleration, so the velocity, of the mass.
In [SPIN97], a detailed analysis of a sliding mass driven by a spring whose extremity is
moved at constant velocity is performed. The spring physically represents the compliance
of the transmission mechanism. Solving the equation of motion of this system leads to
three conclusions, depending on the evolution of the friction at low velocity:

e constant friction force: a succession of stop and slide motions (called stick-slip)
arises for a constant dynamic friction coefficient
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Fr Fy
A
(a) Sliding mass with friction (b) General Kinetic Friction model

Figure 3.11: General Kinetic Friction model
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|

Figure 3.12: Steady-state characteristic of friction for different lubrications (adapted from

[ARNISOA))

e decreasing friction force with the velocity: the system is unstable as the system
damping is negative (the system oscillates with an increasing amplitude);

e increasing friction force with the velocity: the system is stable and without oscilla-
tions.

Figure emphasizes the importance of the lubrication in the system: for way lu-
bricant?, static friction is below the Coulomb’s friction, consequently the stick-slip should
not occur. But for limited or substantial boundary lubrication, commanding servomech-
anisms with precision at low velocity is quite difficult (see for example the identification
and control made in [PAPA04]).

In addition to the stick-slip, other dynamic behaviors have also been denoted for very
low velocity (i.e. below the Stribeck velocity):

e frictional memory [OLSS98,[ARMS94] : phase lag between the change in velocity
and the change in friction force in the Stribeck’s zone;

3Way lubricant is a fluid designed for lubrication of slideways of metalworking machine tools. Most
of way lubricants are mineral oil based, however synthetic oil based way lubricants are also used in some
applications.
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e varying break-away force [RABISS[CANU9S] : break-away force Fy decreases as

force rate increases;

e presliding displacement : sliding is a direct effect of the asperities break. Before
"cracking“, it is common to model asperities as a whole of springs. So presliding
phase concerns the force-displacement relationship, and finds its application in high-
precision servomechanisms. A typical plot is given in Fig. B.13l The curve describes
an hysteresis, thus a loss of energy;

Friction force

moving part

displacement

Figure 3.13: Presliding regime

e hysteresis with nonlocal memory : precise experiments in machine tools [ALTP99]
SWEV00] have emphasized that hysteresis had a nonlocal memory. A hysteresis
with nonlocal memory is defined as an input-output relationship for which the output
at any instant not only depends on the output at some time instant in the past and
the input since then, but also on past extremum values of the input or output as

well [SWEV00Q;

e transition curves in presliding regime [ALTP99,[SWEV00] : stiffness at contact
surfaces is playing an important role in presliding regime, and is highly non-linear.

Many different dynamic models exist to include these phenomena. They involve in-
ternal state variables to model the presliding displacement. They are:

e the Dahl’s model, developed by Dahl in the sixties [ARMS94];
e the LuGre model, developed by Canudas de Wit et al. [CANT95];
e the Single State Elastoplastic model, of Dupont et al. [DUPO02];

e the Generalized Mazwell-Slip model from KULeuven in [LAMP02, LAMPO3|
LAMPO4,AL-BE04,[AL-BEQ3].

Another method to include friction in MBS is by the means of nonsmooth mechanics. The

approach is not treated in this work: details can be found in [PFEI04[ACAROS].
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Choice of the LuGre Model for Hexapod Modeling Most of the authors working
on legged robots, or in robotics in general, model the friction as a simple dry/viscous ve-
locity dependence [BRUNIG[PFEIO0GROT04], or with a mathematic formulation which
best fits their measurements [GROT02,[BONAQOG]. Problem of the latter formulation is
that discontinuity at zero velocity generates numerical instabilities. Two solutions com-
monly used are the dead-zone (Karnopp, 1985, described in [ARMS94]) or the linear
approximation around zero velocity (Eq. (B.73))).

Nevertheless, these assumptions are not adapted to model friction in the case of a
constant position (null velocity), which is the case for walking machines. For example, an
AMRUS leg keeps its vertical position constant throughout its support phase. The related
actuator should then counteract the ground reaction force, while in reality, friction ”helps“
in some way to keep this setpoint without power consumption due to the transmission
irreversibility.

Thus, behavior at zero velocity is necessary. Given the fact that a walking machine
has several actuators and that a too simple friction model would give bad results in terms
of energy expenditure, the choice of the LuGre [CANU95] model seems to be a good
tradeoff between simplicity and realism.

The physical interpretation of the LuGre model is that sliding surfaces have bristles
undergoing a visco-elastic deformation as shown in Fig. B.14l

moving part

Figure 3.14: Bristles deflection

The mean bristles deflection is represented by the internal state variable z, whose
dynamic behavior corresponds to

Z=v— —=z2, (3.77)

where v is the relative velocity between surfaces, and g(v) the steady-state characteristic
curve. The function g(v) is commonly chosen to model a steady-state characteristic of
friction including the Stribeck’s effect:

g+ (Fs — Fy)exp —(v/vgt)?
00

g9(v) (3.78)

where oy is the stiffness of the bristles. This function must be positive [OLSS96].
The friction force is computed from the bristles stiffness and viscous contributions:

Fy =00z + 012+ fuv (3.79)
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with o7 a damping coefficient set to obtain an adequate behavior of the simulation (see
dissipativity issue below). The nice property of the model is that, for steady-state velocity,
the dynamic behavior of the bristles (EqB.1T) and the friction force (Eq. [3.79)) comes
down to

2 = %g(u) = g(v)sgn(v) (3.80)
Frss = 002ss + fsv (3.81)
= Fy+ (Fy— Fy)exp—(v/vg)* + fov (3.82)

where Eq.([3.82) is equivalent to the general kinetic friction model (EqB.70]) with v = 2.
Advantages of the LuGre model are:

e previous use in robotics [BONAOH];

e well conditioned for numerical integration [OLSS96];

e deals with asymmetric steady-state characteristics [OLSS96];
e few parameters to identify.

However, it presents three limitations :

1. Dissipativity issues have been raised because of the risk of energy storage in the
model. Tt has been shown [OLSS96] that the damping factor oy should be velocity-
dependent and must satisfy the following condition:

o09(v)
[

0<oy(v)<4 (3.83)
Equation (B3.83)) is easily verified when |v| decreases. For higher velocities, Ols-
son suggests to use the following form to have a vanishing damping coefficient for

increasing velocities:
o1(v) = oy exp (—v/vg)% (3.84)

where vy and J4 are fitting parameters. He suggests to choose §; = 2 and vy in

relation to the Stribeck’s velocity [OLSS96].

2. Hysteresis with nonlocal memory can not be simulated confidently. Several authors
[OLSSO8[ALTPI9LAMP0O4] show both by experiments and simulations this limita-
tion. Dupont in [DUPO02] speaks about drift, and explains that when a load with
friction similar to the case of Fig. is submitted to a force F, = b+ asin(wt),
with b > a, simulation with LuGre model gives a global displacement of the mass,
while experimentally the mass oscillates around a constant equilibrium position.
This phenomenon is again emphasized in [ALTP99], where Altpeter shows the im-
possibility for the LuGre model to reach the exact velocity reversal point many times
(point at which direction of motion changes for back and forth motion), while ex-
perimentally this point is always reached, no matter how many reversals happened
previously.



3.4. Application to AMRU5 5D

3. Variations of stiffness in the presliding regime can not be modeled, because of the

limited number of parameters (see [OLSS9§]).

Both last limitations concern very accurate servomechanisms (um or nm precision),
and do not imply walking robots. The first one has to be carefully handled to avoid non
physical results.

In the AMRU5 modeling, the joint friction model links the leg joint velocity to a
friction torque acting on the corresponding motor shaft. The state equation of the bristle
(B77) is put under the second order residual form for consistent integration:

N
qZ_q+—.'qZ:O7 385
9(4) (35

where ¢, = Z and ¢, = z, and where the steady-state characteristic g(¢) is rewritten in

terms of friction torque at joint *:

g((j) _ Trd+ (Tf,s — Tfi) exXp (_(Q/QSt)2)’ (3.86)

where ¢ is the Stribeck’s velocity of the joint, and 7¢4, 77, the dry friction and the
breakaway torques respectively.
Therefore, the friction torque 7; acting on the considered joint is

Tf = 004> + 014z + fod, (3.87)

Further explanations about the identification of friction are given in Chapter [l

4In the following, the generalized forces applied to the joints are called joint torques as it is commonly
the case in robotics [SICI09]. For a rotational joint, the torque is effectively in Nm; however, for a
translational joint, the related joint torque is in N.
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3.4.4 Actuation

In legged machines, a classical actuation system is composed of a DC motor with gearing
(planetary gear, ball screw, ...) and its controller.

DC motor The behavior of a DC motor with permanent magnet is described by the
following set of equations [SICI09)

ua(t) = Ri(t)+Ldil—(tt)+ue(t) (3.88)
U(t) = kybm() (3.89)
em(t) = kyi(t) (3.90)

with
® u,, u. and ¢ the armature voltage, the back electromotive force, and the current;
e k, and k; the voltage and the torque contants (they are identical [MAYEQ0]);
e 0,, the velocity at the rotor shaft;
e ¢,, the motor torque.

The mechanical torque ¢, is directly proportional to the current flowing through the
coil armature of the motor. At this stage, it is convenient to differentiate the motor
torques ¢, from the joint torques 7, = (7, 7, 7,). In the model, the motor torques are
applied to bodies defining the rotor shafts. The joint torques are related to the joint space
defined by (v, v, qn)-

Practically, the electrical equation ([B:89]) of a motor is put under its residual form in
EasyDyn:

f = R + L + ko, — g (3.91)

where u, has been replaced by u, di/dt by §; and i by ¢;. The velocity of the rotor is
expressed as a function of the joint velocity and the reduction ratio:

O = 14 (3.92)

The coupling between the motor and the multibody model is depicted in Fig. 315 The
input of the actuator is the voltage u,. The electrical model computes the resulting current
with residual equation (B.91]), and then a torque is applied to the rotor shaft following
Eq. 390). The multibody model reacts consequently, and provides the velocity of the
joint, transformed in rotor velocity by Eq. (8.92)).

The eighteen motors are identical. Their characteristics are given in Table 3.4



3.4. Application to AMRU5S 57

> DC Motor

A

Multibody Model

Figure 3.15: Coupling between electrical part of the motor and multibody model

Parameters Symbol Value
Nominal voltage (Volt) Usat 15
Coil resistance (€2) R 0.334
Coil inductance (mH) L 0.09
Torque constant (Nm/A) Ky 19.4e-3
Rotor inertia (gem?) J, 65.5
Weight (kg) Mmotor 0.34

Speed without load (tr/min) (for information) 7070

Table 3.4: Motors parameters
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Controllers The role of the controller is to determine the voltage command to apply
to the motor. Most of the controllers encountered in walking machines are position PI(D)
or velocity P(D) controllers. The general Laplace form of a PID position controller with
filtered derivative is considered [ASTRO6]:

O(s) = gg ~ K (1 + SLTI + %) (3.93)

where K, Tt and Tp are the gain controller, the integral and the derivative time constants
respectively, U(s) is the Laplace transform of the controller output signal and E(s) the
one of the position error signal e(t) = q4(t) — ¢(t), with g4 the desired joint position.
Coefficient N limits to N/Ty the high frequencies gain caused by the derivative action
(high frequencies roll-off).

Implementation of such a system must appear in a residual form (3.1]) for EasyDyn:
consider first the derivative form of Eq. (8:93)):

Tp . T 1. K[!
U+WDUZK(1+N?]>€+KTD(1+N)E+E/(; e(7)dr. (3.94)

Transposition of such an equation is not straightforward in EasyDyn: for each controlled
joint, two extra configuration parameters are required:

e The first one is due to the voltage derivative u: for consistent integration, we define

Gu = v and ¢, = u, q, being meaningless.

e The second one is used for the computation of the integral of the error term, which
is not directly available. Trick consists in adding an extra differential equation of
the form:

Gr +wo(gr —e€) =0 (3.95)
in which wy is quite superior to the bandwidth of the closed-loop system. Conse-
quently, ¢r ~ ¢, ¢; ~ € and q; ~ fot e(r)dr.

From this, the differential equations implemented in EasyDyn for one PID controller

are:
. Tp .. Th .. 1. K

0 = ¢,+—q,— K(1 — KTpH(1 + — - — 3.96

Gu + N ( +NT[)QI Py +N)(11 qul ( )

0 = §r+wolgr—e) (3.97)

For a digital implementation, the additional differential equations are not required,
because the derivative and the integral error terms of Eq. ([3.94)) are estimated by the
following algebraic equations:

u(kTy) —u((k— 1)Ty)  u(t) —u(t —Ty)

a(t) =~ T - T (3.98)
. ~ E(kTs) B 6((k — l)TS) _ E(t) — G(t - Ts)
é(t) =~ T = T (3.99)

" k
/OE(T)dT ~ Y e(jT) - T. (3.100)

J=0
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with Ty the control sampling time and k£ the present time index. Note that the evolution
of the trajectory and these digital terms are updated every n' call of the SaveData()
procedure of EasyDyn (n > 1).

Parameters of the controllers are found in Chapter 4], where their design is performed.
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‘ MBS LuGre friction DC motors PID controllers ‘ Total

Number of bodies 49 - - - 49
Number of DOF's 24 18 18 36 96

Table 3.5: Summary of the modeling in terms of bodies and degrees of freedom

Tf and
q* Ugq Cm
™ Controller > DC Motor ™ Multibody Model
A A A .
q q

Figure 3.16: Global overview of the modeling for one DOF

3.5 Summary of the modeling

A multiphysic model of the AMRUb robot has been presented in this section. It is based
on a multibody model developed with the minimal coordinates approach, whose steps are:

1. choose a set of independent configuration parameters q;

2. describe the kinematics of each body in terms of the chosen configuration parame-
ters;

3. describe the applied forces acting on each body;
4. build the equations of motion;

5. integrate numerically the equations of motion + the electrical and friction equations
to obtain the time history of q, g and gq.

The EasyDyn C++ library coupled with the script CAGeM running on the MuPAD com-
puter algebra system helps us in the description of the mechanical system. Management
of inertia forces and gravity is automatic when building the equations of motion.

On top of this, several multiphysic elements are included in the model:

e the ground contact forces;
e the friction in the joints;
e the actuation by DC motors with their controllers.

Table summarizes the modeling in terms of bodies and DOFs, while Fig. [3.16
shows the coupling interaction between the different elements of the model.



CHAPTER 4

Control design

It is interesting to focus on a single leg model to design the controllers. In this chapter
we justify the choice of the controllers developed on AMRUS5. Section E] presents the
multibody model of one leg, without ground contact and friction forces. Simplification of
the actuator model is described in Section [4.2l The coupling interactions between joints
are considered in Section The controller synthesis is made in Section [£4] The main
conclusion of this chapter is that each of the DOF of the leg can be seen as a Single Input
Single Output system, controlled with a simple PI position loop. Section ends the
chapter and details the simplification of the whole robot dynamic model.

4.1 Leg model

The complete leg+motors model (dimension 6x6) can be put under the form:

(50 8 (1) (8 ) () () () o
where

e L and R are diagonal 3 x 3 matrices with inductance and resistance of the motors
respectively (see Table B.4));

e K is a diagonal 3 x 3 matrix, whose element Kj; is the product of the motor torque
constant k; and the reduction ratio n; of the corresponding joint;

e C(q,q) a tangent damping matrix!; the Coriolis and centrifugal terms of equation

> Condnir: (4.2)
k l

Tt is not usual to describe this matrix by C(q, ¢) because it could let think that terms are different
from zero with null velocities, while C(g, ) is null if g =0

1 are rigorously expressed as:
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e g(q) is the 3 x 1 contributions of the gravity forces;

e uis a3 x 1 array with motors voltages.

Note that the motor torques applied to the mechanical system appear in the terms — K1
in the upper part of the system (Z1I), and that current is computed through the dynamics
of the electrical circuit.

4.2 Inductance simplification

First observation is that the inductance of the motors is very low and can be neglected:
indeed, the electrical time constant is given by
L 0.09e — 3[H]

i —0.27 4.3
R~ 0334 e (43)

Te =

while the mechanical time constant is about 6 ms (see Section I4]). Therefore, dynamics
of the electrical part is much faster than the mechanical one: consequently, at mechanical
time scale, the degrees of freedom regarding the current can be forgotten. In other words,

Eq. (8:89) simply becomes:
u = Ri+ kng (4.4)

The torque applied to the joints 7 is proportional to the motor torque, and subsequently
to the current:

T = n-Cp (4.5)
T = nkt’l

Substituting Eq. (44]) in (6]) leads to:

o () 4

These joint torques can be inserted in the mechanical model of the leg (dimension
(3%3)), such as:

M(q)-4+Cl(q.q) q+glg) =1 (4.8)
By substituting Eq. (£1) in system (L&) we finally come to the following 3x3 system:
M(Q)Q+(C(Q>Q)+Cemf)Q+Q(Q) :Felec'u (49)
where C,,s contains the extra damping from back electromotive force
(n.k)?*/R 0 0
Ceny = 0 (nyk¢)*/R 0 : (4.10)
0 0 (nnk:)?*/R
and F',;.. the influence matrix
n.ki/ R 0 0
F... = 0 nyki/ R 0 . (4.11)

0 0 nuke/R
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4.3 Coupling interactions

Up to now, the system has 3 inputs and 3 outputs, but the coupling between joints has not
been investigated yet. Even if the pantograph mechanism indicates that coupling should
be small, it is nevertheless interesting to pursue this study. Mass, tangent damping and
stiffness, and input contribution matrices have been computed with the EasyDyn input-
output linearization procedure, for 24 configurations of the pantograph mechanism:

e ¢, has been set to 0;
e g, varies from 0.04 to 0.09 by step of 0.01 m;

e g, varies from 0.02 to 0.05 by step of 0.01 m.

4.3.1 Mass matrix

We begin the investigation by examining the linearized mass matrix:

Moo MMo1 Mo2
M‘O = Mg M1 M2 (412)
Moo 121 M2

Figure [d.1] gives an overview of the mass matrix elements relative to one leg. Diagonal
term mgg relative to the rotation of the leg increases with ¢, but in a very limited way
so that this term is considered as constant for the controller design. The terms m; and
mao (relative to ¢, and g, respectively) are also quasi-constant, whatever the pantograph
configuration. Reason is the high gearing of the motors which tend to linearize the
dynamics. The coupling terms are very low with respect to diagonal ones. As an example
m1o is represented in Fig. [4.1(d)} it can be neglected in the following. Terms myq is null
and mg worth less than 3% of myy.

4.3.2 Damping matrix

Tangent damping matrix has been computed with maximum velocity of the three joints,
so as to maximize the matrix C(q, ¢). Diagonal contributions of C.,,s are (in N.s/m):

3388 0 0
Ceons=| 0 5726 0 , (4.13)
0 0 4.12¢6

The diagonal terms of the complete damping matrix C(q, ¢) + C.;,s are given in Fig. [L.2]
As expected, the main source of damping comes from the back electromotive force: values
are very close to those of C.,,s alone (variation due to centrifugal force < 0.01%). Other
terms are close to zero: the maximum value, encountered by c;z, is about 40 N.s/m.
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Figure 4.4: Position control loop for one joint

4.3.3 Stiffness matrix

Figure shows tangent stiffness matrix when gravity effects are linearized. All the terms
relative to the rotation, i.e. kqg, ko1, ko2 and their symmetric are null, because gravity does
not influence the leg rotation. Variations of ki1, koo and ko are quite important. Also, the
coupling terms k15 is not negligible with respect to k11 and kos. However, these terms are
omitted in the controller design, because gravity is a disturbance from the control point
of view, which will be corrected by the integral term of the controller (see Section [A.4]).

4.3.4 Decoupling in 3 SISO loops

Previous section has demonstrated the low coupling between each joint and the linearity
of the dynamics. Consequently, each motor will be controlled as a SISO system with a
position controller, according to Fig. £4l Only position is used in this particular case,
because motors are equipped with incremental encoders which directly give position of
the rotors. Note that the voltage supply is limited to 15 V; therefore, a saturation appears
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in the loop scheme. This saturation effect is discussed in Section [4.4]



4.4. Controller synthesis 67

4.4 Controller synthesis

4.4.1 Open-loop transfer functions

The open-loop transfer function between the motor voltage U(s) and the joint velocity
V(s) of Fig. EAlis written:

Vis) ~ ™e.L  1/nk) K
U(S) N (k)2 1 +g. B T 147 (414)
e (nky)? m

where J is given by the diagonal element of the linearized mass matrix (for a neutral
position of the leg ¢, = 0, ¢, = 0.06 and ¢, = 0.04), 7, is the mechanical time constant
and K the system gain. From this, we can deduce the resulting open-loop transfer function
between joint positions (¢, ¢, gn) and motor commands (u,, u,, uy) for the three joints:

O, (s) 1 0.031

- . 4.1
U,(s) s 14 0.0059s (4.15)
Qu(s) 1 0.00075

- . 4.16
Uy(s) s 14 0.0058s (4.16)
On(s) 1 0.00088

= .7 4.17
Un(s) s 14 0.0058s (4.17)

It is interesting to note that the mechanical time constants of the three systems are close
to the 6 ms mentioned in the vendor specification: in fact, it is slightly inferior because we
do not assume any viscous friction in the motor, while the vendor does. The second thing
is that inertia of pantograph elements does not increase 7, with respect to specifications,
because of the high gearing of the motors.

4.4.2 The choice of PI controllers

The choice of PI controllers has been made at the beginning of this thesis: in earlier
development, the controllers were implemented directly on the microcontrollers embed-
ded on the robot, but time for the computation of the derivative term was prohibitive.
Therefore we simplify the PID in PI controller. Then the controllers moved on the master
PC, which would be able to easily compute the PID. But initial design showed good be-
havior so we kept the PI controllers. Finally one further argument is that the derivative
action theoretically increases the performances of the system, but makes it less robust, for
example with respect to a change in friction coefficient, which has been the case in this
work when ball-screw gearings of horizontal joints have been replaced by friction bearings
(see Section [l).

4.4.3 Saturation as bandwidth limitation

Saturation is an important limitation in our system; in fact it is the most important.
This non-linear element acts like a variable gain which depends on the amplitude of the
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Joint K (V/rad or V/m) 7T; (s) Bandwidth (Hz) Phase margin (°) Overshoot (%)

Gr 483 0.5 2.94 7.3 9.5
Qv 19863 0.5 2.92 774 9.6
an 16854 0.5 2.91 77.4 9.6

Table 4.1: Controller gains and closed-loop performances

controller output, and is independent of the frequency [MULLQ9]. Therefore, it is useless
to design a controller to obtain a too high bandwidth in closed-loop: it would risk to
saturate the actuator. Several PI controllers have been designed and tested by simulation
in closed loop, with a position ramp reference, corresponding to the maximum reachable
velocity of each joint (based on the vendor specification — see speed without load in
Table B4]). In fact, this maximum velocity has been multiplied by a factor 0.8, because
the supply voltage on board is not 15V but slightly superior to 12V, due to the serial
resistance of the cable linking the robot to the power supply.

4.4.4 Controller gains

Simulations with Simulink reveal that a closed-loop bandwidth of approximately 3 Hz
keeps the controller output below the saturation level for the reference position ramp. We
have paid attention to have a sufficiently fast tracking: after 0.5 s, the joint position error
is about 0.1 mm.

Table [l gives the controller parameters with respect to joint type, and their closed-
loop performances (bandwidth, phase margin and overshoot).

4.4.5 Digital implementation and antiwindup

Because control of the robot is digital, one must be careful to have a closed-loop bandwidth
below the sampling time of the system. A rule of thumbs in digital control is that a
sampling frequency 30 times higher than the closed-loop bandwidth allows to assimilate
the system as a continuous system: this is the case for AMRUS because sampling is at
100 Hz.

Digital implementation of these controllers is a particular case of Eq.( B93). For a
sampling time At, the output k of the controller is written:

K
U = KEk -+ [k,1 -+ T@;At (418)

where [}, is the integral and P, the proportional term respectively. The integral term at
time k is the sum of [;_; and %ekAt.

However, saturation remains possible. In this case, it is recommended to implement an
anti-windup scheme to prevent an overflow of the integral term. Practically, if saturation
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is reached, the integral term [} is recomputed from the difference between the saturation

and the proportional term Pj:

ant then it is saved and used as I,_; during the next control step. This is done all along
the saturation time.

4.5 Simplification of the modeling

In Section B.A] it was mentioned that the complete robot model requires 96 degrees of
freedom. Eighteen of them are from the derivative action of PID controllers: the imple-
mentation of the PI controllers allows to drop them. Secondly, the controllers are digital,
and do not require the extra DOF's that are used to obtain the integral of the error term.
Thirdly, the motor inductance has been neglected. The final model thus includes 96-3x18
= 42 configuration parameters: 24 for the robot kinematics, and 18 for the internal state
variables of the LuGre model.






CHAPTER b

Friction identification

The choice of the LuGre model has been justified in Section .43 This section presents the
methods used to determine friction parameters, and, more precisely, friction parameters
that are required for validation of simulation in Chapter [l For example, friction at low
velocity is only important for the vertical actuator, because during the support phase they
keep a constant position, thus a null velocity. But it would be unnecessary to identify
accurately the breakaway forces for horizontal or rotational actuators (at least for the test
case presented in Section [6.3]), because they are always moving in the considered cases.

Some assumptions are first made in Section 5.l Steady-state friction curve is identified
in Section for middle and high velocities. This range of velocities corresponds to those
encountered during gait. Low velocity behavior concerning the vertical actuator is more
deeply investigated in Section The influence of the leg load on friction parameters for
the horizontal joints is studied in Section 5.4l Remarks on some previous work are made
in Section

The second purpose of this section, in addition to the identification of friction pa-
rameters, is to implement a ground contact detection via the current measurement in
the vertical motor. This part represents an originality of this thesis. The principle is
quite basic: the difference between the real joint torque and its estimation, based on a
comprehensive leg model, should vanish excepted when there is a contact of the foot with
an obstacle. This theoretical principle is applied in Section for the ground detection.
Section [5.7] ends the chapter with a brief summary.

5.1 Preliminary assumptions

Assumptions are the following:
e Friction has been identified in each joint separately.

e Gearboxes, ball screws, friction bearings and revolute joints of the pantograph all
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include friction. The identification and the modeling are made for the whole system:
the aim is to find an equivalent friction torque at joint 7; depending on the joint
velocity ¢ and the bristle state z:

Po= -tz (5.1)

T = ozt ;i fud (5.2)

e The steady-state function g(q) takes the following general form:

g(q) _ Tfd + (Tf78 — 7-f7d) exp <_<Q/qst)2) (5.3)
00

For the three kinds of joint, dry and viscous parameters 744 and f, will be identified

for unloaded leg, with the method described in Section 5.2l However, depending

on the joint nature, the operating conditions during walking are quite different.

Consequently, the identification procedure with unloaded leg will be completed by

the following;:

— Because the position of vertical joint remains constant during the support
phase, provided that the robot keeps its altitude and attitude unchanged (see
Section [[T] for definitions of altitude and attitude), friction behavior at zero
velocity is important. Identification of breakaway friction torque 77, under
severe load condition (there is approximately 10 kg at foot when tripod gait is
considered) must be investigated. This point is described in Section (.3

— The horizontal and rotational joints are always moving, so that stiction is less
important. Consequently Eq. (B3] is simplified into:

9(q) = %Od (5.4)

But, during support phase, the leg load is transferred to the horizontal joint,
increasing friction parameters. Equations (5.2]) and (5.4)) are rewritten as:

Tr = UOZ+UIZ+f~Uq (5.5)

) Tr.d
p— —7 5-6
o = = (5.0)

where f, and 7t,a are the viscous and dry friction under load. Study of this
phenomenom is detailed in Section [5.4]

Some parameters of the model will not be identified:

e For the vertical joint, expression of Eq. (B3) requires the Stribeck’s velocity
Gst- However, the repeatability of this measurement has been reported very bad
[GROT02]. Moreover, its influence on the dynamic behavior of the robot could
be neglected, because the vertical joint is either at rest, or moving quite fast. We
assume that joint velocities are high enough with respect to the Stribeck’s zone.
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4 4v  4n
Trs | X yes X

Trd | Yes yes yes
Trd | X X yes
fo | yes yes yes
f X X yes

Table 5.1: Summary of the friction parameters identification

e The bristle stiffness and damping require very accurate material to be identified. For
example, 22-bit resolution encoders are used in [FERRO03] to get satisfying results .
We choose values based on the reasoning of Olsson [OLSS96]. He suggests to take the
bristle stiffness oy high enough to not disturb the friction behavior at steady-state,
and to have a damping respecting the passivity condition (Eq. (8.83)).

These parameters are thus fixed to obtain satisfying simulation results in Chapter [6
Table G.1] gives a summary of the parameters to identify for each leg. Even if a load at
foot should have an influence on the rotational joint, the latter is not identified. This joint
is mechanically better designed than the horizontal one, which makes it less sensitive to
the load during the walk. It will be confirmed by plots of current in Chapter 6l Moreover,
this identification would require an experimental setup similar to a treadmill, where the
load remains parallel to the rotation axis while it is moving. Friction is not necessarily
symmetric: consequently, the list of parameters of Table 5] should be identified for the
two senses of each joint. This leads to a total number of 96 parameters to identify.

5.2 Steady-state curve identification for leg without
load

The main purpose of this section is to identify dry and viscous friction parameters 74
and f, respectively, in the case of an unloaded leg.

5.2.1 Method

A classical way to identify this steady-state friction curve is to impose to the joint a
constant velocity profile such that inertia effects vanish [BONAOGLGROT02]. Hence, the

balance of torques applied on the joint is rigorously expressed as:
Tm = Tf + Ty + Teor (57)
where

e 7, is the motor torque;

e 7, is the gravity contribution of the leg parts;
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e 7., are the Coriolis and Centrifugal effects (negligible — see Section E.3));
e 7; is the friction torque, which includes in the real-world:

— the meshing friction! which causes a cyclic position-dependent friction torque:
this phenomenon arises with gears and is widely discussed in [GARCO2] for
gearboxes, but also exists for sprocket chain transmission;

— any other mechanical defects: parallelism default between the sprocket wheels
or between the screw and the linear guide, bad centering of screw or/and linear
guide, flexibilities of the transmissions and pantograph which deform the leg
mechanism and increases friction.

The friction identification does not include the meshing friction and does not take into
account the mechanical defects.

The gravity contribution 7, is position dependent. It is computed in real-time during
the identification, by using Eq. (837) applied to a single leg model. Already note that
the gravity contribution (in terms of motor current) is null for the rotational DOF ¢,
and quite low for ¢, and ¢, (< 5%). But, for the sake of a general methodology, they are
nevertheless computed.

The motor torque 7, is computed by Eq. ([B90), where i is measured with a current
transducer inserted in the motor circuit (see Section [2.3.2]).

Constant velocity profiles that have been imposed to the joints are such that they
travel completely their operating ranges. Table gathers the maximum and minimum
joint positions, as well as the reference velocities investigated for friction identification.
Joints positions are given according to the leg description of Fig. B.71

¢ (deg)  qv (m) gn (m)
Min -25 0.04 0.005
Max 25 0.075 0.055

G (deg/s) Gy (mm/s) ¢y (mm/s)
Min 1 0.5 0.5
Max 16 8 8
Increment 1 0.5 0.5

Table 5.2: Velocities setup for steady-state curve identification

5.2.2 Measurements

Figures [0.1] and show the measurements of current in the three actuators for legs 0
and 2, in the case of sawtooth profiles given in Table The evolution of joint position
is also represented on the graph. A complete set of measurements for the six legs are
given in Appendix

I'The term “meshing friction” refers to the rate-dependent friction occurring in meshing teeth of the

transmissions [GARCO2]
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As expected, the mean value of the current is approximately constant on a section,
whatever the actuator and the leg. Also, at each velocity reversal, a current peak occurs.
It may exceed the range of the Hall’s effect sensor which measures current (2 A).

Examination of Fig. [5.1(a)| and [5.2(a)| reveals that currents for rotation are quite

similar from level and noise point of view. The current global level is increasing faster for
negative velocities than for positive ones. This trend is most of the time the same for all
the actuators, and confirms that friction is an asymmetric phenomenon.

Vertical actuators presented in Figs. [5.1(b){and |5.2(b)| are quite different. Oscillations

appear on leg 0 while current on leg 2 is constant on each section. Moreover, the number
of oscillations depends on the traveled distance of the joint, and not on the velocity.
Comparison of measurements on the six legs in Appendix [Cl shows that the number of
cycles is different from one leg to another. Therefore, the source of these oscillations is
quite difficult to identify, and should probably be a combination of the meshing of the
closure chain link in the sprocket wheels and parallelism error between the two sprocket
wheels of the transmission.

The measurements for horizontal joints of Figs. |5.1(c)| and [5.2(c)| are qualitatively

identical to those of the vertical joints, which could be expected because transmission
elements of these joints are similar. The only difference lies in the linear guide, which is
ensured by ball-screws for the vertical joints and by friction bearings for the horizontal
ones. Consequently, stick-slip arises for low velocities as represented in Fig. between
t = 100 and ¢t = 200s. The noise emitted by the joint leaves no doubt about it. It is
also noted that current slightly decreases on each section for negative velocities, while
it remains constant for positive velocities. This time, combination of parallelism error
between the linear guide and the screw, and pantograph flexibility could explain this
phenomenon. But, as before, each leg presents a different behavior, which makes difficult
the interpretation of measurements.

5.2.3 Friction/velocities curves

To obtain the friction/velocity characteristics for unloaded leg, the following method is
used:

e withdraw the contribution of pantograph weight on the current measurements;

e average current in each section by omitting the beginning where there is a transient
in the velocity tracking due to the controllers — inertia effects are thus different from

ZErOo;
e compute the friction torques relative to the current measurements;
e plot the friction torque/velocity curves;

e perform a linear fitting of the experimental values to obtain the dry friction torque
and the viscous coefficient.
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Friction/velocity characteristic curves are plotted in Fig. 5.3 [£.4] and for the six
legs, and for one measurements campaign. For rotation, Fig. |5.3(a)| shows that viscous
effect is present on most of the legs. Figure shows that the viscous contribution is
quite low, and that friction for leg 3 is almost twice higher than on the other legs. Also,
the slope of legs 3 and 5 is slightly negative in Fig. |5.3(b)|

The dispersion of measurements is more important for friction in the vertical joints,
due to the transmission defects described in the previous section. The general trend is
again the one of a dry-viscous model, but the curves related to the negative velocities
(Fig. emphasize a slightly more important friction level than the positive ones
(Fig. [5.4(b)).

Because of the nature of friction bearing, the friction model for the horizontal joints
could be approximated by a pure dry friction. However, some legs exhibit a friction level
which depends on the velocity, but not according to a viscous effect. (Fig. [5.5(a)|). The
simple dry/viscous model is consequently limited to fit these measurements, and often
gives a non physical viscous coefficient.

All the described procedure has been completely automated: regular sawtooth motions
and current measurements are performed simultaneously on six joints of the same nature.
Then post-processing and fitting is executed within MATLAB. Thanks to the automation,
a complete measurement campaign takes only about half an hour, while for identification
on each joint individually it took about half a day.

Table gathers the parameters resulting from the steady-state friction identification
for unloaded legs. The averaged value p and the standard deviation ¢ have been computed
for 5 measurements campaigns. The mean is given by:

pe= %Z (5.8)

where n is the number of measurements and x; the measures. The standard deviation is
computed according to:

7=\ S (59)

n—1 4

(2

The identification of the dry friction level is quite repeatable, as stated by the standard
deviations which remain small with respect to the mean values. On the other hand, the
identification of the viscous coefficient is less repeatable, especially for the horizontal joint.
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qr 0 1 2 3 4 5)
I o L o I o I o L o 0 o
T]Td (Nm) 7.7 0.2 6.3 0.1 5.6 0.1 14.9 0.3 5.3 0.2 8.3 0.1
- (Nms) 3.4 3.3 6.6 3.0 5.2 3.0 1.3 3.3 4.4 3.1 -0.3 3.3
Trd (Nm) -8.8 0.5 -7.3 0.3 -6.3 0.1 -15.6 0.2 -6.0 0.2 -9.9 0.3
f. (Nms) 22.3 4.8 8.3 4.3 18.5 3.9 5.4 2.5 18.7 6.1 23.9 5.8
Qv 0 1 2 3 4 )
I o W o W o W o 1 o 1 o
T;d (N) | 335.1 7.3 279.4 9.8 294.2 14.7 322.9 15.8 313.2 5.7 323.3 10.4
 (Ns/m) | 3763.0 3715.6 | 8785.5 2450.5 | 6523.6 5114.6 | 12984.7 2840.1 | 5077.8 3892.9 | 10561.0 3546.6
Trd (N) | -423.6 14.5 -351.6 3.5 -353.2 28.9 -381.8 10.9 | -398.1  10.9 -383.8 2.1
fo (Ns/m) | 8005.8 5247.6 | 12820.8 192.1 | 18270.9 13036.5 | 20914.3 4523.2 | 6709.7 2775.0 | 14921.5 4291.2
an 0 1 2 3 4 5)
I o L o I o I o L o I o
T;:d (N) | 465.1 22.2 279.9 8.3 329.1 5.3 381.3 10.6 231.0 2.2 284.8 2.7
T (Ns/m) | -4112.7 1364.8 | 7424.8 1152.6 | 3745.2 251.2 220.8  1827.2 | 6644.3 1716.8 | 1912.7 2199.3
oy (N) | -563.1 41 -399.3 3.6 -481.0 29.5 -508.4 18.0 | -374.1 9.3 -391.9 4.5
fo (Ns/m) | 247.5 4909.7 | 7018.9 2883.5 | -4556.3 6500 | -5028.6 2108.0 | 405.4 1598.1 | 149.8 1764.6

Table 5.3: Dry and viscous parameters for the 18 joints (unloaded leg)
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5.3 Vertical joints

AMRUS5 becomes self-supporting when power is removed: consequently, it could be inter-
esting to model the friction at zero velocity to obtain this behavior in simulation.

Experiments have been made by increasing slowly the voltage of vertical actuators
with a rate of 0.05V/s. Stiction has been identified on the six legs, for both senses of
motion, and with/without a load of 10kg placed at the foot: this load plays the role of
the ground reaction force when the robot is walking. For a tripod gait, load on supporting
legs is &~ 11 kg each. Figure illustrates the loading of a leg.

Assuming that 7, is the motor current just before beginning of the motion (it is com-
puted directly through a current measurement with 7, = ki, ), the equivalent breakaway
torque 7y can be found with the force balance represented in Fig. [5.6(b)|

e for a positive voltage rate:

Ty = T;S — Tieg (+ Tioad) (5.10)
e for a negative voltage rate:

Ta = Trg+ Tieg (= Tioad) (5.11)

where 7., is the gravity contribution brought back to the joint (=25.7N), and 7j,44 is the
influence of the foot load (=10kg x 9.81m/s? x 6 (pantograph amplification) = 588.6 N).

Figure B.7] presents the time history of the currents and velocities for stiction identi-
fication on leg 0. Currents are presented in plain lines, and estimation of the velocity in
dotted lines. In all cases, currents are increasing linearly up to the breakaway limit of
the joint. Then velocity becomes different from zero. The measured current just before
motion represents the breakaway torque. This measurement is quite difficult, because
very sensitive to all the transmission elements. The breakaway instant has been chosen
when the joint begins to move “frankly”, as indicated on Fig. 5.7

The identified breakaway torques are gathered in Table [5.4] with their mean value
and their standard deviation, based on five measurements for each joint. Note that for
some actuators, it has been impossible to find this parameter, for two reasons: 1) joint
is reversible or 2) very low values of voltage are impossible to apply because of the H-
bridge, which is not activated if the pulse width of the PWM signal is lower than 0.1 us
(this corresponds to 0.1V and explains the flat shape of the current during the first two
seconds); breakaway might occur under this limit. Note that for some joints, the level of
breakaway torque is lower than dry friction.
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Figure 5.6: Loading the leg with 10 kg for stiction identification
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Figure 5.7: Stiction identification (leg 0)
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Okg 0 1 2 3 4 5
I o I o I o 1 o 1 o 1 o
TJTS 166.6 46.3 | 169.1 38.5 | 154.2 43,5 | 201.2 55.6 | 162.9 242 | 141.1 14.1
Trs | -347.3 78.91-236.0 92.0 | -327.5 116.7 | -318.9 48.9 | -356.8 63.5 | -316.4 70.5
5kg 0 1 2 3 4 5
I o I o I o 1 o 1 o 1 o
T;_s 331.7 59.3| 316.2 46.1 | 2779 61.8 | 270.2 256 | 191.3 16.7 | 1010.4 55.2
Tr, | 4470 284 1-397.1 138 | -548.1 140.1 | -372.4 7.7 |-4169 352 | -4358 31.9
10kg 0 1 2 3 4 5
I o I o I o 1 o 1 o 1 o
T;_S 673.0 55.9 | 482.6 169.3 | 382.5 62.7 | 571.6 103.5 | 457.2 121.0 | 1431.9 &4.8
Tr, | -679.5 18.1 - - -601.8 13.7 - - -690.7 51.5 | -663.6 11.2

Table 5.4: Stiction parameters for the 6 vertical joints (N), for different loading cases
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< | Joint
- flexibility

Figure 5.8: Flexbility in horizontal transmission

5.4 Horizontal joints

The bearings of the horizontal ball screws were initially identical to those of the vertical
ones. However, practical use of AMRU5 (during its first steps) revealed an important
weakness regarding force transmission on the bearing. In Fig. £.8) it is shown that any
load on the foot is not directly reported as a normal force, but as a bending torque which
increases the stresses on the bearing. Initially, the stresses were so important that the
initial bearings lost their balls during walking, and by the way deteriorated the sliding axle.
To keep the leg structure, friction bearings have been manufactured in replacement of the
linear ball bearings, with a maximal length such that the initial stroke was conserved.

The friction behavior of horizontal joints is mainly due to dry friction. In this case,
it is well established that sliding friction depends on the joint load. To emphasize this
phenomenon, constant velocity profiles have been imposed to the horizontal joints with
the configuration illustrated in Fig.[5.0] for 5, 8 and 10 kg at leg end. Figure 5.9 illustrates
the increasing of current according to the load at leg foot.

2 T T T

5 kg
150 Ske
Okg

1
0.5
0
05}
a1t

Current (A)

[0 et P 1 !
e st g
5, PREEIRO R M
o g e

0 10 20 30 40 50 60
Time (s)

Figure 5.9: Influence of foot load on current in the horizontal actuators
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Figure 5.10: Measured evolution of dry friction force versus foot load (horizontal joint)

The measured dry friction forces versus load on foot are depicted in Fig. 510l Practi-
cally, the procedure detailed in Section 5.2/ has been applied on each leg, five times for each
load, the only difference being that we consider only dry friction in the fitting, because
viscous coefficient has been identified very low. This evolution is not linear as expected:
it seems rather to follow a quadratic evolution. An explanation is that the bending torque
acting on the joint (Fig. 58] induces a deformation of the linear guide with the leg load,
making the friction still higher.

Practically, the evolution of friction has been fitted with a second order polynomial of
the form:

Tfd = Qg - 2’ +a; -+ ag (5.12)

where = denotes the load at leg, and aq the dry friction force identified in the case of an
unloaded leg. Table gives the coefficient as and a; of the polynomials, as well as their
mean value and standard deviation on five measurements. Note that for certain legs, the
fitting leads to non-physical coefficients: they must be of the same sign to ensure that the
function is always increasing with the force, and that there are no friction values lower
(upper) than aj (ay). In that case, the fitting has been done by plotting the friction
torque versus the square of the load: this allows to drop the linear term without physical

meaning.



Quadratic term (N/kg?) 0 1 2 3 4 5
i o i o i o i o i o i o
as | 3.84 247|409 0.73| 6.84 1.15| 507 223 | 7.66 0.38| 12.7 0.40
as, |-3.84 1.66 |-496 0.52| -5.6 068 |-422 1.13|-5.52 044 |-553 0.33
Linear term (N/kg) 0 1 2 3 4 5
i o i o i o i o i o i o
aj | 20.3 18.7 | 48.0 22.7|21.47 5.10 | 17.62 8.46 | 9.44 6.35 | 34.61 15.93
ay 0 0 0 0 0 0 |-3.62 5.12 0 0 0 0

Table 5.5: Polynomial coefficients expressing the friction/load dependency
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5.5 Remarks about previous work

It is worth noticing that all the identification procedure has already been made once
before, with the initial ball bearings on the horizontal joints. The flexibility of the leg
mechanism, and mainly the deformation of the horizontal joint, lead to higher friction
parameters especially for stiction on the vertical joint: a reason is that load repartition is
varying with the mechanism deformation.

With the replacement of ball bearings by friction bearings, it has been necessary to
perform again the complete identification of friction parameters. The friction bearing
brings more rigidity to the whole mechanism, but increases the friction on the linear
guide. The results presented before are those of the new system.
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5.6 Obstacle detection with current sensing

Ground detection is a key point for legged robot walking on uneven ground. The common
solution to achieve this task is to use mechanical switches. They are of limited interest
due to their single direction operating mode and their on-off operation. To obtain a better
representation of the interaction forces in one, two or three directions, force sensors mostly
based on strain gauges [ALEX97 [BERN99 IGASS0T,SCHNO6LIGONZ07] or sometimes
piezoelectric effect [GALV03] are usually embedded in the legs extremities. Other robots
have such sensors directly inside their joints [ESPE9G].

In this section, the feasibility of the motor current information to interpret contact with
an obstacle is investigated. Unlike feet sensors, such measurements have the capability
to inform when the leg encounters an obstacle, wherever the impact is located. They are
also readily embeddable, widely spread and easy to implement in the DC motor hardware
driver. However, one drawback is that all the dynamic effects between the joints and the
foot have to be modeled. Also, high-geared motors give large torques for small currents,
which makes the measurements very few sensitive to forces acting at foot. For example,
if 100 N are applied vertically at foot, the equivalent current is approximately 0.4 A.

5.6.1 Principle
In the joint space of one leg (3x1), the joint torque balance is written:
T = Tynd T Tiner + Tgrav + T fric (5.13)
where
e T are the joint torques;
e T,,q are the contributions due to foot/obstacle contact;

® Tiner and Ty, are the contribution of inertia (including Coriolis and centrifugal
effects) and gravity terms;

e T are the contributions of friction already discussed in Section G.1l

Assume that a dynamic model of the leg including friction can estimate the joint
torque vector T with:
T = %iner + +grav + 7A-fm'c- (514)

Difference between Equations B.13] and 5.14] leads to:
T —T = Tond + (ATiner + AT grap + AT fric) (5.15)

If contribution of modeling errors A7 and non modeled phenomenon 7. are not too
important, we have:
T —T & Tynd (5.16)
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Figure 5.11: Leg and joint spaces

where the motor torques 7 are directly given by
T=K -1, (5.17)

with K a diagonal matrix whose each element is the product between the torque constant
of the motor and the reduction ratio between the joint and the rotor velocities.

Equation (5.13)) can be transformed to find the ground reaction forces Fy,q (3x1) in
the leg space. Consider Fig. B.11} velocity of the foot is depending on the joint velocities
by:

3 3
0 = AP oot _ IP foot g = E oot - - (5.18)
dt dq; j o g4

j=1

As for robotic manipulator, we introduce the operational space, whose base is assimi-
lated to the leg base. Therefore, velocity of the foot with respect to the leg, and projected
in the leg frame, can be expressed by:

{Vsootpifi = [J], - 4 (5.19)

where J gathers contributions of de ;. According to the duality principle between joint
and operational space [SICI09], we have:

1

{FQNd}l = [J];Zp *Tgnd (520)

5.6.2 Torque estimation mechanism

Practically, a leg model has been developed to compute the joint torque estimation. The
mechanism is highlighted in Fig. 5121 Inputs are positions coming from incremental
encoders; velocities and accelerations are numerically derived from the latter. Friction
effects are directly deduced from computed velocities by means of a simple dry/viscous
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Figure 5.12: Model-based estimation of the joint torques

Sawteeth Sine
Ampl. (m or deg) Period (s) || Ampl. (m or deg) Period (s)
a 10 8 15 5.6
Qv 0.01 8 0.01 10
an 0.01 8 0.01 10

Table 5.6: Profile of each joint for joint torque estimation

model which has been identified in Section (.2l Gravity and inertia forces acting on the
leg are computed with the virtual powers principle described in Eq. (8:37), which requires
positions, velocities and accelerations of all the bodies. They are computed via the leg
kinematics (function k(.)) and estimated kinematic variables q, g and q.

A simple numerical derivation of positions produces noisy estimations of velocities and
accelerations, that are reduced thanks to a 3 Hz numerical low-pass filter at the input.
The scheme of Fig. takes roughly 0.1 ms of computation time per leg. The operator
271 denotes a one sample time delay (discrete-time estimation).

To check the efficiency of the algorithm, sine and sawtooth unidirectional motions
have been imposed to each joint separately. Characteristics of the motions are gathered
in Table B.6l

Figures 5.13] G.14] and show the model-based torque estimation and the real value
measured from motor currents and computed by Eq. (B.17). Note that, in addition to the
analog low-pass filter at 30 Hz, a digital low-pass filter at 3 Hz is required to smooth the
current again. Without it, measurement noise is too important and disturbs the obstacle
detection algorithm presented in Section

Gravity contribution 7.4, is very small for ¢, and gj,, and naturally null for g, (if the

robot is walking on a flat ground). For sawtooth cases presented in Fig. [5.13(a)} [5.14(a)|
and [5.15(a)| we can notice that inertia, Coriolis and Centrifugal effects vanish, excepted
at velocity reversals, where estimations of joint torques are close to the real torques. Main

contribution comes from friction effects, which are computed according to a dry-viscous
model with a linear approximation for two reasons:

e this algorithm is executed in real-time when the robot walks;

e low velocity behavior is not relevant in the obstacle detection, because leg is moving
quite fast during the landing phase.
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Figure 5.14: Torque estimation at joint g,

Sine motions illustrate the importance of the dynamic effects 7;,., which are correctly
reproduced by the model in Fig. [5.13(b)} [5.14(b)[ and [5.15(b)l Note, however, that the
transmission elements are responsible for important current fluctuations, which are not

caught by the model.

5.6.3 Ground detection

In the context of a free gait implementation (see Section [[.7)), the robot must be able to
detect the ground and adapt its posture consequently. Idea is to use the current sensing
to detect ground. Because of the pantograph decoupling, developed form of Eq. (520 is:

Fz,gnd Qoo 0 Q2 Tr.gnd
Fy7gnd = 10 0 Q2 : Tu,gnd (521)

Fz,gnd 0 (6D} 0 Th,gnd
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Figure 5.16: Experimental setup for ground detection

and simplifies, in the case of ground detection, into:

Fz,gnd = 21 * Ty, gnd (522)

Ground detection has been tested in the following way: a sawtooth velocity profile is
imposed to the leg, in such a way that ground is encountered by the foot during its descent.
When ground contact force estimation attains a threshold value given by the user, the
motion is stopped, and resumes as soon as the foot position reference becomes higher than
the ground level. A mono-axial force transducer based on strain gauges (HBM-U9B) has
been placed on the soil to measure directly the ground contact force. Experimental setup
is shown in Fig. B.16L

Figure B.17 shows a comparison between the estimated and the real ground contact
force on leg 0. Contact occurs at ~ 2s. When the estimated contact force F ;,q reaches
the value of 40 N, the motion stops (while the reference ¢ is always computed), until the
restarting of motion at &~ 6 s. Note that estimation procedure goes on after the restarting
of the motion, even if practically it is useless because the foot moves away from the soil.
In fact, in addition to the threshold reaching, there is a condition on the joint velocity



94 5. FRICTION IDENTIFICATION

250 : 0.1
F}:;,gnd
200 F U*’qﬂi ,,,,,,,,,,,
& 1 0.09
150 }

Stop motion

Restarting motion { (.08

100 |

g 50 - N Threshold 40N A 0.07 E/
ol .

i 0.06

-50
0.05

-100
-150 : : : ‘ 0.04

0 2 4 6 8 10

Time (s)
Figure 5.17: Comparison of estimated and real ground contact force for leg 0

which must be positive (positive joint velocity lowers the foot). If one of these conditions
is not met, foot continues its motion.

Note on Fig. 517 that the meshing effect is quite visible between 0 and 2s. The
worse the mechanical quality of the leg, the higher the threshold level: indeed, for this
experiment a threshold of 30 N would be too small, and the proposed algorithm would
conclude that the leg is well on the ground while it is still in the air. This could have
disastrous consequences in gait implementation. However, in the case of a tripod gait,
the load on the leg is equivalent to approximately 100 N, which is high enough to catch
the difference between disturbances of the transmissions and real ground contact.

Four tests of ground collision with three different thresholds (40, 50 and 60 N) have
been made on each leg, to have a global estimation of the algorithm performance. Table[5.7]
summarizes the real force measurement with the U9B transducer for each trial. The
average F(er) and standard deviation o(er) of the error between the real contact force
and the one computed by the ground detection algorithm are also presented.

The method is quite repeatable, as emphasized by the standard deviation on the error.
However, there are important discrepancies from one leg to another, mainly due to the
meshing of the sprocket wheels. Because of the high reduction ratio of the joint transmis-
sion, a small variation of current has an important impact on the joint torque, thus on
the ground force. The second point concerns the evolution of the average error with the
load: in most of the cases, it increases, because the horizontal joint flexibility illustrated
in Fig. 5.1l consumes motor energy: in other words, the term 7, of Eq. (5.13]) becomes
more important with the load, and then Eq. (B.16]) becomes less and less valid.

Despite of important errors in contact force estimation, the proposed method remains
applicable in the case of AMRUS5 for ground detection, provided that sufficient threshold
is defined in the gait algorithm.
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Threshold (N) Fuop(N) E(er) % | o(er) %
1 2 3 4
Leg O 40 254 263 27.0 27.3 35 2
20 32.1 299 315 30.5 38 2
60 31.0 334 356 35.6 43 4
Leg 1 40 36.2 356 35.6 35.0 13 2
20 39.7 379 404 39.5 22 2
60 45.2 452 455 45.2 26 <1
Leg 2 40 33.3 34.0 32.0 32.0 19 3
20 41.2 448 495 445 11 6
60 52.8 56.1 54.8 56.5 9 3
Leg 3 40 382 366 34 323 13 7
20 35.9 389 376 38.2 25 2
60 42.8 432 428 439 29 <1
Leg 4 40 43.2 448 425 41.2 -5 4
20 45.2 445 435 445 11.7 1
60 48.1 50.1 48.8 50.1 20 1
Leg 5 40 25.3 36.3 39.0 39.5 13 16
20 46.8 49.2 48.2 46.2 7 3
60 50.8 49.5 51.2 51.5 16 1

Table 5.7: Measurements with U9B force transducer
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5.7 Summary

This section has detailed the friction identification parameters for the eighteen joints.
First, the same identification procedure has been made for the three kinds of joints: con-
stant velocity profiles are imposed to each joint separately, with a foot in the air. The
common steady-state friction versus velocity relation is deduced from this first experi-
mental campaign. Then, the vertical and horizontal joints are more deeply investigated
to derive additional parameters. Stiction (friction at zero velocity) is identified for the
vertical joint because during the support phase, its velocity is very low and even null.
To simulate the robot weight, a load of 10kg has been placed at the foot. Horizontal
joints undergo important deformations when robot is walking, increasing consequently
the friction level. Hence, the friction/load dependency has been measured and fitted with
a quadratic relationship.

The second part of the chapter has developed an original ground detection algorithm,
based on a motor current sensing and a joint torque model-based estimation. This al-
gorithm is implemented on the real robot for free gait (see Section [M). The mechanical
defects of the legs gives a poor estimation of the ground contact force. A better design of
the leg would lead to more reliable results in the ground force estimation.



CHAPTER 6

Validation of the AMRU5 model

The previous analysis about friction demonstrates that friction can not be neglected in the
dynamic model of AMRUS5 because it is responsible for an important current consumption.
But it also illustrates the difficulty of friction identification on a “real system”, where
almost each transmission should be characterized specifically. The purpose of this chapter
is to validate the complete dynamic model of AMRUS5.

Section discusses about the friction models and the parameters used in the simula-
tions. Section illustrates how the LuGre model is able to produce an irreversibility of
the joints when the robot is simply posed on the ground without power supply. Section
describes the test case used to verify the effectiveness of simulations.

In Section[6.4] both results coming from simulations and real experiments are analyzed.
The identified parameters of Chapter [ are directly included in the model. The joint
tracking errors, motor currents and voltages, and energy expenditure are studied, for the
three friction models. The aim of this study is to reproduce the evolution of current and
voltage for each actuator with a maximum of reliability.

Section describes a probabilistic approach developed to estimate a confidence inter-
val which indicates how an error on friction influences the error on the energy expenditure
and performances of the vehicle. A Monte-Carlo method is used: a large number of sim-
ulations are performed, where friction parameters are generated randomly according to a
Gaussian distribution. The summary of Section concludes this chapter.

6.1 Discussion about friction models and parameters
for the simulations

Three cases are envisaged in the simulations: the first one does not involve friction at all.
The second one is a classical dry/viscous model with linear approximations around zero
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velocity: the model is described by:

T}':d+fj‘q if g > ¢

(Thy+ fre)fe-q f0<j<e o
Ty = ’ .
! (Trat fre)fe-q if —e<¢<0

T]:,d"‘fv_'q if g < —e

This classical form allows to avoid the friction discontinuity at zero velocity: it facilitates
the numerical implementation, but cancels the stiction effect. The coefficients used in
Eq. (€1]) come from the steady-state curve identification of Section[5.2l The limit velocity
€ is equal to le-4m/s (or rad/s for the rotation), which is low enough with respect to the
joint velocities (in the case of our validation test case).

The third set of simulations is performed with the LuGre model on each joint: it is
implemented following Eqs. (3.8%]), (8.86]) and (3.87)), with some adaptation depending on

the operating conditions of the actuator:

e Function g(§) for a rotational joint is given by:

+
o Trd iy
9(¢g) = —, if ¢>0 (6.2)
0o
. Trd )
9(¢g) = ——, ¢<0 (6.3)
go

Parameters are those of Table[0.3l The negative sign is necessary because ¢(¢) must
be positive [OLSS96]. In the following, the 4 superscript is abandoned for the sake
of clarity. The implicit convention is that parameters with sign + are taken for
G >0, and — for ¢ < 0.

e Function g(§) for a vertical joint is given by:

(d) = Tra+ (Tf.s — Tra) exp (—(q‘/q‘st)Q).

4
q(q p (6.4)

Parameters are those of Table and of Table 5.4l where stiction parameters for
the vertical joint are those for a loaded leg with 10kg, because the zero velocity
occurs while the leg is carrying the robot (for the case envisaged in Section [6.3]).
Stiction parameters which have not been identified (legs 1 and 3), are set to the
same value as the dry friction for an unloaded leg. This stiction coefficient clearly
depends on the load, but in this work, we keep it constant whatever the leg load.

e Function g(q) for a horizontal joint is given by:
N Td

= . 6.5

o) =L (65

where the dry friction torque is, in a first time, independent of the load at leg. This
influence will be added afterwards and discussed in Section [6.4.4l Viscous effects
are neglected because they have not been clearly identified.
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Parameter

Rotation Vertical

Horizontal

Bristle stiffness oy (Nm for rotation, N/m for others)
Bristle damping o7 (Nms for rotation, Ns/m for others)

Stribeck’s velocity gs (m/s)

1le-9
0.02
- le-4

Table 6.1: LuGre parameters

e The non-physical viscous coefficients, i.e. the negative ones, are forced to zero.

The other unidentified parameters of LuGre model have been set to the values of

Table [6.1].

We verified that the condition of Eq. (8.83]) which concerns the dissipativity of the

LuGre model is respected for any joint velocities considered in our simulations.
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Parameters Value

Gait type Tripod

Step period 12s
Straighforward velocity V, | 1, 1.5, 2, 2.5¢cm/s
Number of steps )

Double stance (or overlap) 5%

Table 6.2: Test case for the validation

6.2 Simulation of the vertical irreversibility

The LuGre model has been chosen because it offers numerical facilities for simulation of
friction around zero velocity. The first test presented simply consists in letting the robot
on the ground with zero motors voltages. In the real-world, friction is high enough to
keep the robot standing. In simulation, a static equilibrium is first performed with all the
degrees of freedom locked, excepted those of the main body. Once the static equilibrium
is reached, the integration begins. Figure shows the evolution of the robot height
for the three friction models described previously. When there is no friction, the robot
height clearly decreases. This descent is quite low because the electrical circuits of the
motors are closed, which provides a quite important damping to the system.

Adding dry/viscous model slows down the descent of the robot, but not as much as
with the LuGre model, where the altitude remains constant. The time histories of the
friction torques in the vertical actuators are presented in Fig. for leg 4, according to
the three models. Thanks to friction at low velocity with the LuGre model, the friction
torque at joint is high enough to counteract the gravity. The bristle deformation for leg 4
is shown in Fig. and the evolution of function g(q,) with joint velocity is depicted
in Fig. The bristle oscillates at the very beginning of the simulation, then reaches
its equilibrium around 5e-9 m.

6.3 Test case

The parameters used for the test cases are given in Table 6.2l A sketch of the gait is
shown in Fig. The reference foot profiles of leg 3 are given in Fig. in the
XZ frame (leg local frame). These profiles are modified with the velocity of the robot, as
the period for the step cycle remains constant. More details about the generation of such
profiles are given in Chapter [7
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Figure 6.3: Ilustration of the test case for model validation

6.4 Direct transposition of friction identification

The three actuators of legs 0 and 2 will be examined in the following, for a velocity of
1.5cm/s. For each of them we plot the joint reference, the tracking error, the motor current
and voltage. Note that the plotted voltages are not exactly the same in experiments or
in simulation:

e For experiments, the voltages supplying the H-Bridge is directly measured, and
the estimation of each actuator voltage is made by multiplying this value to the
corresponding PWM duty cycle.

e For simulations, the output voltages of the controllers are applied to a simplified
H-Bridge model, which consists of a resistance in series with the one of the motor
armature coil.

We draw the reader’s attention by the fact that there are non-modeled electrical parts:

e The wires on the robot have their own resistance, which is most of the time negligible
but could be significant for high current peaks.

e The H-Bridge driving the motor has a complex behavior depending on the state of
the PWM command. When MOSFET (metal-oxide-semiconductor field-effect tran-
sistor) are switched on (when PWM signal is high) to let the current flow through
the LMD18200, a serial resistance of ~ 0.6 2 should be added in the circuit (0.3
per MOSFET). When they are switched off (PWM low), the recirculating current
(inherent to H-Bridge) coming from the motor coil inductance crosses the protec-
tion diode, which gives a voltage drop equal to 1.2V according to the LMD18200
datasheet.

In our model, we do not take into account the complete dynamics of the H-Bridge, but
we simply add a serial resistance to the coil circuit, equal to 2x0.3 (2.
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Comparisons are made between experiments and simulations with three models of
friction:

e without friction at joints;

e with a dry/viscous model such as the one of Eq. (6.1]), without the load influence
of the horizontal joint (this case will be examined apart);

e with the LuGre model with the steady-state functions described in Section

For easier reading, the joint reference is at each time represented in the top sub-figure.
The successions of support, landing, swing, takeoff and double stance phases of the foot
have also been colored with different shades of gray.
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6.4.1 Rotational joints

Figures and present the results obtained for the rotational joints of legs 0 and 2.
Whatever the friction model, the tracking errors are the same for the three simulations,
and are quite close to the experimental ones. Maximum error is about 0.5 degrees, while
the range of the rotational joint varies between -25 and 25degrees. It is evident that
current consumption comes mainly from friction. There are few differences between the
dry/viscous and the LuGre models. This is because the rotational joint is always moving
in the test case we describe here, that is why friction at zero velocity is not relevant.
Current is also better estimated during the swing phase, because identification of friction
parameters has been made for an unloaded leg moving in the air. When leg is in support
phase, there are three sources of errors:

e friction could change, even for the rotational joint, because there is a bending torque
exerted on the vertical axis of the rotational joint;

e pantograph is not purely rigid, and flexibility has not been modeled;

e some of the ball bearings supporting the rotation axis are quite worn and have
backlash. This point probably explains the noisy current curve for leg 0, while it
remains relatively flat for leg 2.

The voltages are quite similar for the three models, and are under-estimated for reasons
exposed in Section [6.4]

Figures [6.6(a)| and [6.6(b)| show the instantaneous power consumed by the rotational
actuator of legs 0 and 2. The swing phase is better predicted by the model than the

support phase.
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Figure 6.6: Instantaneous power consumption for the rotational actuator

Table summarizes the averaged power for the rotational actuator of each leg. From
this, friction appears unavoidable in the modeling to obtain realistic powers. As mentioned
before, the LuGre model does not give improvement with respect to the experimental data,
because rotational joints are always moving in this test case. The relative error between
experiments and dry/viscous model is given in the last column.

Averaged Power (W) Relative error
Leg number | No frict. Dry/viscous LuGre Exp | between Exp and DV (%)
0 0.01 0.33 0.33 041 20
1 0.01 0.23 0.23  0.20 -15
2 0.05 0.42 0.42  0.38 -11
3 0.05 1.14 1.14  1.09 -5
4 0.01 0.22 0.22  0.23 4
) 0.01 0.34 0.34 0.36 6

Table 6.3: Averaged power for the rotational actuators (V,=1.5cm/s)
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6.4.2 Vertical joints

Figures and compare experiments and simulations results for legs 0 and 2. As for
the rotation, the tracking errors are quite similar. Maximum error is about 0.8 mm while
the joint total stroke is between 40 and 90mm. The swing phases are quite correctly
modeled, as stated by the current level.

On the contrary, the support phase involves a null velocity. Without friction, the
current level is instantaneously raised to compensate the ground reaction force. With
the dry/viscous model, current remains at a low level at the beginning of the support
(t between 24-25/36-37s). This is due to the velocity of the joint, which is not zero
yet because of the controller dynamics. This velocity reaches le-4m/s (limit velocity of
dry/viscous model) at ¢ ~25s. At this moment, friction torque is decreasing with the
velocity according to Eq. (610): hence the motor has to give more power to counteract the
effect of the ground reaction force. With the LuGre model, the joint decreasing velocity
induces an increase of the friction torque according to Eq. [6.4] thus a less important
current consumption. It is worth noting that the vertical irreversibility of leg 0 is correctly
reproduced in Fig. during the support phases (t=26-28/38-40s). After this time,
friction is no longer high enough to counteract the ground reaction force, and the joint
becomes reversible.

The swing phase of leg 2 is less correctly predicted by the dry/viscous or LuGre models.
The variation of robot height due to leg flexibilities has been recognized as an important
problem in walking machines [JIME96]. These variations make that the foot is already
at ground level while it has not finished its swing phase yet. Hence, the foot touches the
ground whereas it should still be in the air. There is consequently an important current
consumption during the landing in Fig.[6.8, which is not included in our model. Also, the
evolution of the current during the support is quite different experimentally than with
the LuGre or the dry/viscous model. At the beginning of the support (t=30-32s), the
dry viscous model seems to fit perfectly the measured current. Thus, there is a lost of
irreversibility, which finds several explanations:

e the friction parameters can change with the foot load, which has not been modeled
for the vertical actuators;

e a “jerky” motion of the body exists [GONZ06] when the leg is landing on the
ground, even if precautions have been token to have a landing of the feet as smooth
as possible; this jerky motion could “unlock” the vertical joint.

When support is established (t>32s), the real current is more important than with the
models, because of the transmissions deformation. This defect has been identified and
modeled for the horizontal joints (see Section [6.4.4]), but not for the vertical ones.
Finally, the shapes of applied voltages are correctly predicted, excepted for leg 2 at
the end of the landing, and during the support phase because of the loss of irreversibility.

Figures [6.9(a)| and [6.9(b)| show the instantaneous power consumed by the vertical

actuator of legs 0 and 2. Even without friction, the power of the support phase is quasi-
null: consequently, the LuGre model could be avoided for energy purposes (this will be
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the case in the next section). Differences come from the meshing in the transmission,
from its defects (more or less important according to the considered leg), and from the
early touching of the ground during the landing phase, while the foot should still be in

the air.
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Figure 6.9: Instantaneous power consumption for the vertical actuator

Table summarizes the averaged power for the vertical actuator of each leg. Friction
is again unavoidable in the modeling to obtain realistic powers. Prima facie, the high
friction of the vertical transmission could be beneficial in terms of energy expenditure,
because no power is needed to keep the main robot body at its altitude. But it is not the
case: in fact, even without irreversibility, power consumption during the support phase
is very small, mainly thanks to the high gearing of the transmission. The relative error
between experiments and dry/viscous model is given in the last column. The fact that
the foot is already on the ground for its landing phase in the real-world is a major source
of modeling imperfection.
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Averaged Power (W) Relative error
Leg number | No frict. Dry/viscous LuGre Exp | between Exp and DV (%)
0 0.12 1.24 1.20  1.43 13
1 0.11 1.14 1.09 1.51 25
2 0.11 1.14 1.07  1.69 33
3 0.11 1.31 1.30  1.83 28
4 0.10 1.14 1.11  1.50 24
) 0.10 1.22 1.16  1.59 23

Table 6.4: Averaged power for the vertical actuators (V,=1.5cm/s)

6.4.3 Horizontal joints

Figures and compare experiments and simulations for legs 0 and 2. Maximum
tracking error is about 0.5 mm while the joint total stroke is between 5 and 55 mm.

Current and voltage of leg 0 swing phase in Fig. are well reproduced, indifferently
for the LuGre or the dry/viscous models. On the other side, the support phase is badly
predicted. This is due to constant friction parameters for the horizontal joints, while they
vary with the leg load (see Section [1.7]).

The estimation of currents and voltages are not so good in Fig. [6.11l The horizontal
joint velocity of leg 2 is very low, and the modeling of friction bearing at low velocity
seemed to include a Stribeck’s effect (a rising friction force with decreasing velocity) which
has not been modeled. Moreover, as for leg 0, the load influence has not been inserted in
the model.

The only noticeable difference between the dry/viscous and the LuGre model is that
the viscous model makes the friction force vanish more quickly than with LuGre (see
currents in Fig. at t = 32 — 34s). Nevertheless, the measured current undergos the
zero crossing later, probably because of the modeling errors in the electrical circuit, which
are growing at low speed.

Figures|[6.12(a) and [6.12(b)[show the instantaneous power for the horizontal actuators

of legs 0 and 2. Is is clear that power in support phase is underestimated by the model,
because friction on the horizontal joint does not adapt with the load. The shape of the
power is also very oscillating, because of the friction bearings which have a less smooth
behavior than linear ball bearings.
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Figure 6.12: Instantaneous power consumption for the horizontal actuator

The estimation of the powers per leg for the horizontal actuators are gathered in
Table [6.5], for the three friction models.

Averaged Power (W) Relative error
Leg number | No frict. Dry/viscous LuGre Exp | between Exp and DV (%)
0 -0.02 1.43 143 2.93 o1
1 -0.02 0.97 097 242 60
2 0.003 0.28 0.30 1.01 72
3 0.004 0.30 0.31 0.93 68
4 -0.03 0.76 0.77  1.50 49
) -0.04 0.77 0.78  2.77 72

Table 6.5: Averaged power for the horizontal actuators (V,=1.5cm/s)
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6.4.4 Horizontal joint with variation of friction parameters

It is clear from previous simulations on the horizontal joints that the effect of load must
be taken into account to have power consumptions closer to the measurements.

Figures and present the evolutions of currents and voltages in the horizontal
joints for legs 0 and 2 respectively. The dry friction torques have been computed from
Eq. (B12) with coefficients of Table[5.5l The zero order term is replaced by the dry torque
of Table

Experiments are compared on one hand to the dry model without the load influence,
and on the other hand to the dry model which includes the dry friction/load dependency.
In the case of leg 0, it is clear that this contribution improves the current estimation. For
leg 2, the shape of the current is lightly enhanced. Again, velocity of horizontal joint for
leg 2 is quite low, where the modeling of friction is difficult.
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Figure 6.15: Instantaneous power consumption for the horizontal actuator - load influence

Figures [6.15(a)| and [6.15(b)| compare the power consumption without friction, with a
“simple” dry model and with a dry model taking into account the load influence. With

load influence, powers are better estimated.

Table shows the averaged power of the horizontal actuators in the three cases.
The error is given between the dry-+load effect model and the experiments, and should
be compared to the errors of Table The model gives bad estimation of power for
legs 4 and 5, as illustrated in Figs. and Explanation is that the deformation of
transmission during walking is certainly different from the one during the identification
of Section 5.4, a more accurate model of friction with deformation is out of the scope of
this work.
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Averaged Power (W) Relative error
Leg number | Dry/viscous Dry/viscous + load Exp (%)
0 1.43 2.51 2.93 14
1 0.97 1.83 2.42 24
2 0.28 0.66 1.01 35
3 0.30 0.70 0.93 25
4 0.76 2.17 1.50 -45
) 0.77 4.59 2.77 -66

Table 6.6: Improvement of power consumption for the horizontal joints (V,=1.5cm/s)

6.4.5 Specific Resistance

The specific resistance is an indicator of the performance of a vehicle. It is defined by:

e (6.6)

mgl
where F is the total energy expended for a vehicle of mass m traveling a distance [.
Energy for actuator ¢ is given by:

By = uj-if - At (6.7)
k

where At represents the sampling time and k the samples.

The Gabrielli-Von Karman diagram allows a comparison of different locomotion
modes: for information, it is shown in Fig. .18, where AMRU5 has been located thanks
to the measurement and computation of the specific resistance presented hereafter.

Figure represents the averaged power of the robot with respect to the velocity.
The linear shape of this kind of curve has already been mentioned in [MARH97]. Friction
is responsible for the bigger part of the power expenditure. The LuGre model gives
similar energy consumption as dry/viscous model (without load) because it has been seen
previously that power requirement of the vertical actuators during the support phase are
very low. The influence of the load on friction coefficient in horizontal actuators can
surely not be neglected. The effect of the change in friction changes slightly the slope
of the curve, but gives a better approximation of the averaged power. Effectively, if
V. is increasing, the foot profile is larger, resulting in an higher deformation of the leg
mechanism for all the legs. Averaged power at low velocity is proportionally higher at low
velocity for experimental measurements: this is due to an increase of friction (Stribeck’s
zone).

Figure illustrates the evolution of the specific resistance with respect to differ-
ent velocities of the vehicle. This specific resistance decreases with the velocity: indeed,
if we express the power P as a first order polynomial [MARH97] depending on V,:

P=a+ 8V, (6.8)



6.4. Direct transposition of friction identification

123

100 . ; .
I wuumpwnﬁ] : :
E AMRUS : \m.zpmmpﬂ_a 3
[~ o pvI4) : : (Raibent{SD :
w : h;mmcm_on?gﬂd :
3 ki . { Papantoniou .
g Big Muskie[15] © _ © GEL Qundtogsd19]
= : @ ASV[17] : :
2 l:_ .................. L EEEREREN W B ehae IRy
[+4 F ARL Manopod(Fig.8] - . i
é 4
3 .
E‘ : umal\m:‘““msnﬂ
Lo m—m i
0.1 : S W : J
F Gravity Walker ‘l\‘ﬁ’:‘@_‘)\
i (McGeer[20]) : T
s
L
s
: : - :
0.001 N waoe el N " P | N s v oavaal as
0.01 0.1 1 10 1000

Velocity [m/s]
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where a could be interpreted as pure losses in the vehicle and BV, as the useful power

required to propel the robot. We can write the specific resistance as:

P-T

£ = ——

mgl

B P

- mgVs
o B
mgVy — mg

(6.9)
(6.10)

(6.11)

where T" and [ are the travel time and distance respectively. Relation [6.11] shows that for
high velocities, the power losses of the robot (« contribution) become small with respect
to the second term --. Specific resistance asymptotically tends to the latter value.

mg”

For the lowest velocity, the relative error of specific resistance between the model with
dry/viscous (plus load effect) and the experiments is of 12%. For higher velocity, the

simulation gives a good prediction of the specific resistance.
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Figure 6.19: Energetic indicator for different friction models



6.5. Extensive simulations with averaged friction 125

6.5 Extensive simulations with averaged friction

Friction proved to be an important cause of the energy expenditure, but is also full of un-
certainties. To validate the reliability of the model and thus the estimation of the specific
energy, it would be interesting to perform an important number of simulations, in which
friction parameters would be generated randomly according to a Gaussian distribution.
This way of proceeding is called a Monte-Carlo process.

In this section, we consider only a dry/viscous model on the rotation and the vertical
joints, and a dry model with/without the load influence on the horizontal joint. The
extra energy consumption due to the irreversibility of the vertical joint is not modeled by
LuGre, because power consumption is similar whatever the model for the vertical actuator
(see Table [6.4]). We also consider that friction parameters are identical for each leg, and
are determined with the following deterministic approach:

e One average value p* for each parameter of Table is computed by taking the
mean value of the six legs, but with some terms are omitted in the averaging:
— the viscous effect of the horizontal joint is neglected;

— the friction parameters for the rotational joint of leg 3 are omitted (see Fig.[5.3),
because they are far from other values;

— in the same way negative viscous coefficient for the rotation are neglected
because not physical;

— the term ag of Table for leg 5 is neglected, as well as a; for leg 1, because

they are too important with respect to the other values.

e The standard deviation ¢* is computed, based on the totality of the measurements
performed in Section (excepted the ones excluded in the previous point).

e The same process is performed on polynomial coefficients; mean and standard de-
viations are in Table

e Parameters are then generated randomly, by assuming a Gaussian distribution
whose probability density function f(z) is:

e 27 (6.12)

For each simulation, random values are generated, and are omitted if they are either
non-physical, or outside of the +3¢ interval, which corresponds to a confidence
interval of 99,7 %.

Table shows the mean p of each friction parameter and its standard deviation o.
Dry friction torques are in N for translational joints and in Nm for the rotation; viscous
coefficient are in Ns/m for translational joints and in Nms for rotation.

Four thousands simulations have been performed, one thousand for each velocity en-

visaged in the graph of Fig. [6.19(b)l Figure shows the means and 3o intervals
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Rotation Vertical Horizontal

Friction parameter W o W o W o
T}'Zd (Nm or N) 8.04 358 | 3114 20.8 | 3285 83.9

ff (Nms or Ns/m) | 346 2.55 | 7949.3 3843.6 - -
T;q (Nm or N) -8.97 3.56 | -382.0 274 |-452.9 76.0

fo (Nms or Ns/m) | 16.17 7.57 | 13607.0 5593.6 - -

Table 6.7: Mean and standard deviation of the friction parameters used in the Monte
Carlo method

7 T
No Load influence p* 4= 30™ e
Load influence p* & 30
6 L Experiments —— |
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Figure 6.20: Specific resistance for different friction models

obtained after the Monte-Carlo process. Mean values and standard errors are summa-
rized in Table The load influence on the horizontal joint clearly penalizes the robot
specific resistance. Also, the system is quite sensitive to this parameter, as shown by the
important +30* interval. The curve without load influence could be interpreted as the
specific resistance of the robot is this mechanical defects were corrected. The efficiency
of the robot would be improved by a factor 2.
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Ve (m/s) | € (no load infl.) | £ (load infl.)

* * * *

L o L o
0.010 3.25 0.18 4.73  0.59
0.015 2.49 0.16 3.80 0.46
0.020 2.13 0.14 3.31 041
0.025 1.90 0.13 3.00 0.37

Table 6.8: Mean and standard deviation for specific energy

6.6 Summary

The main purpose of this chapter was the validation of the dynamic model. In a first
step, it has been shown that friction could not be neglected at all, because in the case of
AMRUS, it is responsible for more than 80% of the power consumption. The contribution
of the LuGre model is interesting for accurate simulation of irreversibility, which is often
ignored in other works because the friction model is simply dry/viscous, with a linear
approximation at zero velocity. However, as far as power expenditure is concerned, the
LuGre or the dry/viscous model can be used indifferently.

For the particular case of AMRUS5, it has been necessary to take into account the
load effect on the horizontal joint friction. The load is responsible for the transmission
deformation, increasing friction. Neglecting this effect leads to large under-estimation of
the power consumption.

Finally, we performed a Monte Carlo process in which the uncertainties about friction
parameters have been made under a Gaussian distribution law. For the dry/viscous
model without load dependency, the error interval (3 0) on the specific resistance is
approximately 4+ 20%. If load effect is considered, the + 3 o interval rises to +35%. Again
the deformation of the horizontal joint proved to be an important source of uncertainty,
that should be considered for realistic estimation of the robot power expenditure.






CHAPTER [/

Gait control

Gait control consists in moving the robot body along a given trajectory while keeping
the vehicle stability. Several methods exist in literature and can be classified in two
categories :

e the engineering or descending approach where the legs motion is a consequence
of the gait generation, which depends on a central decision organ;

e the bio-inspired or ascending approach by which the gait generation is an emerg-
ing behavior of the legs motion. Legs have local rules to determine their motion.
There is just a central organ for coordination. This approach comes from stick in-
sects and cockroaches observations.

The engineering method has been developed in this work because AMRUS5 is slow and
is not a biological inspired robot, i.e. it does not have an insect-like structure. Emphasis
has been put on a reliable algorithm to control the robot precisely on an unstructured
ground.

This chapter begins with Section [ZI] where some basic notions used in gait control
of legged robots are exposed. Thereafter, a state of the art describes in Section the
numerous existing methods and successfully implemented on legged vehicles. After this
review, the algorithms developed within the framework of the thesis are presented. First,
kinematic control of a leg is detailed in Section [[.3l The purpose of this algorithm is to find
the joint variables which produce the desired position of the foot in the leg local frame.
Developments are made such that the leg local frame and the foot are equivalent to the
base and the end-effector of a robotic manipulator respectively. Input of this kinematic
control comes from the coordination level, which determines if a leg is in support or in
swing phase. Section [[.4] shows how to move the body smoothly from legs in support
phase.

Swing phase in the case of a flat ground is explained in Section Well-known
periodic gaits are first presented, with an improvement for support-swing transitions. This

129
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Figure 7.1: Basic leg step cycle (main body point of view)

improvement has been mandatory for AMRUDb because flexibility in leg mechanism can not
ensure that the foot was lifted up as soon as the vertical joint was moved. Periodic gait is
the algorithm used for the modeling validation of Chapter[@. Secondly, the omnidirectional
ability is developed on the robot, by adapting continuously the swing phase with the body
velocity.

Finally, free gait is developed in Section [L.7l Support and swing phases are identical
to Sections [[4] and respectively. Differences come from the uneven ground which
requires the detection of the foot-ground contact. Navigation is investigated and posture
adaptation is envisaged to keep the robot parallel to the ground profile. The chapter ends
with Section where a summary of the results obtained is presented.

The different gait algorithms have been tested with the dynamic simulation, but with-
out friction at joint, because it has been exposed in Section [@] that friction does not
influence the tracking efficiency of the joints. On the contrary, the slipping at ground and
the dynamics of the controllers are influent.

7.1 Definitions

The following definitions have been widely adopted in literature. Most of them come

from [SONGS89].

7.1.1 Typical parameters in legged locomotion

A basic leg cycle (or step) is drawn in Fig. [[1] for an observer linked to the central body
frame Opxpyp2p. It is composed of two phases:

e the swing phase of duration 7 is the period during which the leg is not in contact
with the ground (also called transfer phase or protraction for biologists);

e the support phase of duration s is the period during which the leg is in contact
with the ground and propels the body (also called stance phase or retroaction for
biologists) .
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Figure 7.2: Support pattern, configuration polygon and stability margin

The cycle time T = 7 + s is the time for a complete cycle of locomotion, i.e. the
complete execution of a transfer and a support phase.

The position reached at the end of the swing phase is called the Anterior Extreme
Position (AEP) while point reached at the end of the support phase is named the Posterior
Extreme Position (PEP).

The duty factor 5 = s/T of a leg is the time during which the leg is on the ground,
brought back to a cycle time.

The phase shift Ag;; is the cycle time fraction between the beginning of the leg i
support phase and the one of a reference leg ;.

The stroke R is the relative distance covered by a leg during the support phase, i.e.
the distance between AEP and PEP.

The stride A is the translational distance covered by the main body after a complete
cycle.

The previous definitions are mainly used when talking about periodic gaits. The
development of omnidirectional and free gaits makes the following notions useful:

e The support pattern is the polygon determined by the feet touching the ground. In
the case of a static walker, there are permanently at least three contact points.

e The front stability margin is the distance between the vertical projection of the
robot center of gravity and the support pattern, along the motion direction. There
are several kinds of stability margins: for more details see [SONGR9].

e The configuration polygon is the polygon determined by the six feet.

e The heading velocity is a compound of the XY global velocities and the yaw rate of
the robot.

These four concepts are sketched in Fig.

Heading velocity determines the direction of the robot in a plane parallel to the ground.
On unstructured area, orientation and height of the body must be considered. Therefore
we define:
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Figure 7.3: Workspace defined for AMRUbH

e the attitude of the robot which concerns the pitch and the roll of the robot with
respect to the vertical global axis;

e the altitude of the robot is the height of its center of mass with respect to the ground
reference;

e the posture of the robot is defined by the position of the six legs with respect to the

main body [PORTO04].

The working zone (or workspace) of a leg is the kinematically admissible space reach-
able by the foot. If workspace is restricted to admit a certain degree of security on the
joint maximal values, it is referred to as the constrained working volume [LEESS|. The
workspace of an AMRUbS leg is represented in Fig. This volume has been volun-
tary restricted to a simple cylinder which is called workspace throughout the following,
instead of “constrained working volume* as it should. The advantage of this volume is
that it is quasi impossible to reach a non stable state, because the robot COG is quasi-
always inside the support pattern. This helps in this work, because stability issues are
not studied. Numerous references discuss the stability of hexapod in the literature; see

for example [SONG89,[PREU9I].

7.1.2 Classes of gaits

The coordination between the legs gives rise to different classes of gaits: for flat ground,
periodic gaits are recommended because ground level is known in advance. The gait
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Figure 7.4: Tripod gait pattern

matriz informs about legs phases sequence, or gait pattern. The example of the famous
tripod gait is depicted in Fig. [[.4l

When legs motion is not known in advance, or if the time at which a foot touches the
ground is unknown, non periodic gaits are implemented.

Periodic gaits A periodic gait means that the step cycle is the same for the six legs.
The local phase ¢ of a leg is defined by

. t—nstepT
¢ = T

where ng4,, is the number of steps already done, ¢ the current time and 7" the leg cycle

(7.1)

time. It varies from 0 to 1 and helps in the determination of the leg state.
Several periodic gaits exist depending on the duty factor and the phase shift between
legs. A gait is called:

e reqular if each leg has the same duty factor;
e symmetric if contralateral' legs have a phase shift of 1/2;

e with constant phase increment if legs of the same robot side have a constant phase

shift (A¢20 = A¢4Q = A¢04).

The gait is forward if the stepping action occurs from rear to front of the robot.
Among this family, the wave gaits, used by many animals, give the optimum stability.
The gait pattern of the forward wave gait is shown in Fig. . The equal phase
gaits distribute the landing and takeoff of the feet evenly during the locomotion cycle,
which minimize power fluctuation. The gait pattern of the so-called "Forward Full Cycle
Equal Phase Gait” is illustrated in Fig. Opposite to forward periodic ones, the
backward periodic gaits begin the stepping at the front, which is propagated to the back.
Discussion about stability of periodic gaits is given in [ALEX97]. Their extensive study

is found in [SONGR89].

L Contralaleral legs denote opposite legs with respect to the longitudinal symmetry plane of the robot

(axis Opapzp in Fig. [[)): for instance, leg 0 and 1 are contralateral. The ipsilateral legs are on the same
side of this symmetry axis. For example, leg 0 and 2 are ipsilateral.
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Figure 7.5: Forward periodic gait patterns with § = 3/4 (normalized step cycle time)

Non periodic gaits Obstacles or unstructured ground disturb the periodic coordina-
tions of the legs. The older way to control six-legged robots consisted in moving each leg
“manually” by an operator (see GE quadruped in Fig. for example). Thereafter,
this tedious method was replaced by the follow-the-leader gait, where only both frontal
legs were commanded to attain safety footholds. The other four legs just “followed“ the
two frontal legs by automatically reaching these safety footholds.

For thirty years, several gait algorithm have been studied and implemented. Sec-
tion attempts to draw a state of the art of these methods.

7.2 State of the art in gait generation

In the early 90’s, Brooks sharply criticized the classical top-down approach, which involved
an environment building followed by a decision algorithms to define the right thing to do.
He qualified it of sense-model-plan-act, which takes a lot of time and is not “natural”.
He proposes the subsumption architecture [BROO91], the first alternative to traditional
AT Artificial Intelligence). This bottom-up architecture decomposed the complex task of
walking in several modules. For instance, the bottom layer would be the “avoid obstacle”
task, linked to the “walk” higher task, itself linked to “explore the world”. Particularity
is that modules are organized in layers, all of them accessing the sensor informations.

From this, biologically inspired methods emerged [DELCO04]: the aim of these methods
is to have a natural behavior of the robots, with “reflexes” and natural reactions condi-
tioning the walking, instead of high-level calculations determining the leg motion. An
overview of biologically inspired methods is exposed in Section [.2.1l The hybrid meth-
ods, which are halfway between biological and “engineer” methods are briefly described
in Section Finally, more conventional methods are detailed in Section [[.2.3l

7.2.1 Bio-inspired approaches

Two approaches are denoted in the literature: reflex-based and pattern-based mecha-
nisms. The first solution exploits a lot of sensory stimuli to produce leg motion and gait
coordination. The second one delegates the coordination to a central level using CPG
(central pattern generator) which can be influenced by external events.
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Figure 7.6: Cruse’s et al. researches on stick insect

Reflex-based control Cruse et al. [CRUS09] have a long tradition in reflex-based con-
trol. They have mostly studied the stick insect, whose a schematic diagram is presented
in Fig. Each of the support and the swing phases is managed by a low-level neural
network, while the transition between these states is provided by the selector network.

The swing network is composed of a simple two-layer feedforward net with three
outputs (the rates &, A, 4) and six inputs (actual position of the joints and desired final
position at the end of the swing). Some extra inputs can be inserted to emulate the
avoidance reflex when tibia or femur of a leg is stucking on an obstacle. This reflex
acts like an attractor towards the final swing position. As underlined by the authors,
the compensation of disturbances occurs because the system does not compute explicit
trajectories, but simply exploits the physical properties of the world.

The control of the support movement [CRUS95] is local for each leg and ensures
good coordination thanks to the high-pass filtered positive feedback strategy shown in
Fig. . Basically, this scheme of control is unstable, but with the high-pass filter, an
impulse on the input leads to a constant value of the output. Practically, Cruse imposes
a slight impulse to some leg joints, and the other ones follow and drive smoothly the
body because of the positive feedback. As body height is concerned, a classical negative
feedback is made on [ angle of Fig. to fight against gravity forces.

The selector network is interpreted as the coordinator of the gait. Six rules, called
coupling mechanisms, have been identified in behavioral experiments on stick insect
[CRUSO6]: for instance, a swinging leg prevents the swing of both legs located at the
same side of the robot. Another coupling is that the beginning of a support phase excites
the start of a swing phase for legs located next to the considered leg. This encourages
the swing of a leg, and thus high speed of the robot, but guarantees stability because of
the first mechanism. Complement to this, an other neuron takes care of ground contact
to start the support phase.

The control architecture employed by Cruse et al. is thus totally decentralized and
based on reflexes and inter-leg coupling mechanisms.
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Figure 7.7: Pearson’s neural circuit [FERR95]

Central pattern generators The idea of CPG is that walking is a natural process of
legged living beings, like breathing. Consequently a central intelligence, where complex
calculations occur (associated to the brain) is not required. Instead, a “rhythmic” element,
whose pace depends on the environment or the desired type of gait, should give the motion
to all the legs.

Pearson and colleagues investigated in the 70’s the neural systems that control walking
in the cockroach [PEART6]. In their model (Fig.[Z1), the stepping rhythm of a leg is given
by an oscillator. When the peak occurs (trigger point), the swing of the leg is activated
and the flexor motor neuron moves the leg forward. The push action is inhibited. Swing
time is constant. During the remainder of the cycle, the oscillator generates the support
phase by activating the extensor motor neuron. The speed of the support phase depends
on the oscillator frequency, which is modified thanks to the sensory feedback. More details
can be found in [FERR95].

Collins and Richmond [COLL94] used CPG in quadrupedal locomotion, and showed
that a network of non linear oscillators with inhibitory couplings between some legs could
produce transitions between the crawl (swing of one leg at a time), the trot (swing of two
opposite legs, front right and rear left for example, simultaneously) and the bound (swing
of front or rear legs simultaneously), simply by varying the oscillator parameters. The
current researches focus on the choice of the oscillators and their adaptation to external

events perturbing the leg motion [INAGO3,[CAPP0OT].
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7.2.2 Hybrid approaches

Literature is rich in original ideas for walking machines: the following gait algorithms are
halfway between bio-inspiration and classical engineering.

Reinforcement learning A method to reach a desired behavior for an artificial system
(called an agent) is to learn by example or experience. If the actions to execute are known
in advance, the agent can learn in a supervisory way. Otherwise, it must learn by trials
and errors: here comes the notion of reinforcement. The agent executes arbitrary actions
and is rewarded or penalized depending on the results of its action. The final aim is to
maximize the rewards. Zennir [ZENN04] developed a distributed Q-learning reinforcement
where each leg executes an action based on the knowledge of the other legs states (on
ground or in the air). This learning gives rise to gaits similar to those used by insects on
flat ground, among which the tripod gait. Another example is the one of Erden [ERDEQS]
where a hexapod is amputated from a leg. He shows that continuous patterns are possible
to achieve with five legs by using reinforcement learning.

Cyclic genetic algorithm Knowing a priori nothing about how to walk, and defining
a few binary numbers (which characterize the elementary motions of the legs), Parker
[PARKO1] implements a genetic algorithm to learn, in a first time, the step cycle motion
to one leg, and in a second time, the coordination between legs to produce the tripod
gait.

Behavior-based control Albiez et al. [ALBI03al[ALBIO3b] define behavior (or reflex)
units connected in a network structure (Fig. [.§]). Reflexes can be seen as functions whose
inputs are:

e the classical sensory feedbacks (feet forces and joints positions);

e the activation ¢ varying between 0 and 1 to balance the importance of the block
output.

The behavior activity a (“how busy is the behavior?”) and the target rating r (“how
far is the behavior from its target?”) are also taken into account between the behavior
units. Implementation on the quadruped BISAM permits a highly versatile behavior of
the robot which adapts to obstacle, supports different load distribution, can walk on a
slope etc...

Reactive free gait Porta and Celaya [CELA9S[PORT04] developed a very clever and
simple free-gait algorithm for gait generation on rough terrain. Unlike other approaches,
they keep in mind that, in addition to deal with ground irregularities, the robot maybe has
to follow a planified trajectory with more or less precision. If no map of the environment is
available, which is mostly the case, the alternative is to use what they call an alternative
control paradigm. The leg sequence is not planned in advance, but is a result of the
robot-environment interaction. Basically, the algorithm is the following:
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Figure 7.9: Reactive free gait (adapted from [CELA9S]|)

adequate legs execute their swing and land at relevant footholds;

heading velocity of the robot is defined according to an arc of circle;

posture of the robot is simultaneously adapted to the terrain;
e some rules define the next swing candidate(s).

Rules to define the swing candidate(s) are extremely simple: the first one says that
a leg can lift up if the neighboring legs are on the ground. Neighboring legs appear one
next to the other in the clockwise circuit of Fig. For instance, neighbors of leg 1 are
0 and 3, and neighbors of leg 4 are 2 and 5.

The second rule is the priority concept, that’s to say the selection of the leg to swing.
The priority is determined by computing the advance position of each foot with respect
to the current turning center of the trajectory. To evaluate this advance position, the
angle between the projection in the XY plane of the current feet positions and the center
of the corresponding workspace is computed. Porta and Celaya show that with these two
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principles, and for any arbitrary configuration of the legs, tripod gait is reached on a flat
ground.

Note that these two rules belong to a set of global rules called restrictedness [FIEL04],
where legs workspace interaction and joint mechanical limitations intervene in the choice
of the swing leg candidate.

The second task of the controller is the coordination motion of the legs supporting
the robot. They use the so-called posture control mechanism (posture in the sense of
feet position with respect to main body, i.e. including its six DOF), which minimizes a
criterion based on the quadratic error between the position to reach for foot i, p’. b and
a reference posture p, I The posture error is given by:

D= [Py — Pepll (7.2)
=0
A 2-D example is shown in Fig. where leg 1 is considered. At left, the robot
is represented with its reference posture with thin lines. Actual robot legs are shown
in thick lines, with big dots corresponding to the actual feet positions. Physically, the
minimization procedure acts like fictive springs connected between actual and reference
positions. They should balance themselves to lead to the right part of the figure, where
the equilibrium is reached, and corresponds to the minimal value of D in Eq.(.2]). The
gradients relative to heading velocity are constrained to follow a circular trajectory, instead
of letting the body completely free. In this way, the body tries to minimize its posture
error while following a circular trajectory defined by a radius and an angle.
In this method, the robot body is a consequence of the leg placement. That’s why it
is classified into the hybrid method, though close to the engineering approach due to the
posture minimization algorithm.

7.2.3 Engineering approaches

Two tasks are clearly identified in the engineering approach: the first is the cooperation
of the legs in support phase to produce a smooth motion of the main body and to avoid
internal constraints; the second concerns the legs synchronization, and can be decomposed
into two subquestions: 1) which leg has to swing ? and 2) where to land ?

Body motion control The first task can be solved with kinematic control: on a flat
ground, the foot velocity can be computed from the heading velocity of the robot. Hence,
the foot is considered as the end-effector of a robot manipulator: its kinematics is inverted
to find the desired joint variables from the foot velocity, and a controller is designed
to track them accurately. Two dimensional examples of this method can be found in
[ORINS2, PREUY].

In addition to the trajectory tracking, terrain adaptation should be realized on uneven
ground. In other words, the six DOF of the main robot body have to be taken into account
for the kinematic control. Halme et al. [HALM94] developed three modes for attitude and
altitude control:
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e open adaptability: the vehicle operator commands the body attitude and altitude;
e auto-level: the vehicle body is kept horizontal, whatever the ground profile;

e terrain-following: the body follows the support plane whose situation is estimated
from the feet in support phase.

An other widespread solution for terrain adaptation consists in using force sensors
to share at best the load of the robot among the supporting feet. Insertion of active
compliance at foot has been initially studied in [KLEI80], and has been successfully im-
plemented later on diverse walking machines [DEVI83,[SCHMO96,[PREU9T]. Klein and
Briggs [KLEIS0] observed that vertical compliance could be implemented to act like a
“shock absorber” which adapts to uneven ground, while lateral foot forces give informa-
tion about the antagonist forces due to the closed kinematics existing in walking machines.
Gorinevski and Schneider [GORI0] used the vertical force sensing to distribute smoothly
the load of the robot among the supporting legs. Attitude control and leg force optimiza-

tion are still a current research activity [UCHIOO,[GATLV03,[GONZ07,WANGOS].

Leg swing For the second task, the question of selecting the adequate candidate has
been introduced more than thirty years ago in [MCGHT9]. They defined the kinematic
margin which is the remaining distance that a leg has inside its working space during the
walking. Lee and Orin [LEESS] redefined it with the temporal kinematic margin tg; of
leg 7 by:

i -
where d; is the distance between the foot and the boundary of the leg working zone,
and v; its velocity. Several algorithms based on kinematic margin have been used in the
development of free gaits [LEESS|[HATLM94LATLEX9T].

However, a deadlock situation can occur if two legs arrive quasi-simultaneously at the
end of their working zone. For instance, if the two front legs are risen at the same time,
the hexapod can loose stability. If only one is swung, the other one could reach the limit
of its workspace before the end of the swing. Additional rules for determining the leg

candidate have consequently been developed by researchers:

e graph search approach [PAL9I]: Pal and Jayarajan search, among the future states
of the vehicle, the most appropriate solution to avoid deadlock situations;

e diagonal rules [HIRO84]: Hirose developed three rules based on geometrical con-
structions to avoid deadlock, guarantee stability and converge to a forward wave
gait on flat ground;

e additional common sense rules [HALMO94]: Halme et al. based the choice of the leg
candidate on the following rules:

— lift up only one leg at a time;

— stay in support phase while it is possible;



7.2. State of the art in gait generation 141

— avoid to lift up two neighboring legs (the neighboring rule [PORT04]);

— if many candidates exist, choose the one which maximizes the stability margin.

e an enhancement of Halme et al.’s algorithm has been developed by Alexandre in
[ALEX97]: the main contribution is the convergence to a forward wave gait when
the robot walks on a flat ground.

The second subproblem refers to the landing position of the leg after the swing phase,
also called the foothold. The first strategy is a constant swing time whatever the AEP;
the second assumes varying transfer time with a fixed AEP target. In the latter case, the
AEP is usually chosen:

e To maximize its kinematic margin after landing [MCGHTI/ALEX97]: the drawback
is the risk of deadlock situation: for instance, if the heading velocity is sharply
modified while the foot has just landed, the leg could easily go out of its working
zone.

e To pass through a reference point at the middle of the support phase [ORINS2]: of
course, if body velocities are changing, the mid-stance could not occur exactly at
the reference point.

In the case of constant swing time, the AEP is either defined as one of the solutions
aforementioned, or depends on the maximum predicted step length in the working space.
In the latter situation, steps size varies with the body velocity [HALM96].

7.2.4 Gait generation principle for AMRUS5

From this review, it seems that recent trends in research focus on gait control with archi-
tectures as decentralized as possible, to promote leg local behavior. Walking machines on
which these algorithms have been implemented are light and full of sensors to enforce a
natural emergent behavior coming from interaction with the environment.

Nevertheless, the aim of this work is not to develop a new bio-inspired algorithm,
but a reliable gait control based on an important dynamic study and used to validate a
model, thus requiring a completely deterministic behavior of the legs. For each algorithm
presented hereafter, the inputs are vy/9 and wy g, the global velocities, defined as:

vb/O - (‘/$7 ‘/;;7 ‘/;;) (74)
Wp/o = (QxaanQz)

The development of the gait generation follows three steps:

1. The periodic gaits are implemented, and particularly, the tripod gait. The motion
of the robot is parallel to the ground, considered as a flat surface. The heading
velocities (Vy, V), €,) are kept constant, the foot and the body clearance are fixed,
and the cycle time of a step is constant.
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2. The periodic gait with omnidirectional ability is then detailed. Ground is still flat,
but the trajectory of the foot in swing is constantly adapted with respect to the
global motion of the body: the main body can follow any complex trajectory, defined
by arbitrary heading velocities (V;, V, €2,).

3. The free gait is finally developed for uneven ground. Two majors differences arise
regarding point 2):

e The gait pattern is not known in advance anymore: some rules are thus required
to find the leg swing candidate.

e The posture correction tends to make the robot body parallel to the estimated
ground plane: the approach for computing the ideal posture is similar to the
one developed by Porta and Celaya [PORT04]. However, the accurate track-
ing of trajectory requires a correction algorithm, which computes the heading
velocities (V, Vy, €2.) and the posture velocities (V, €2y, €, ), different from zero.

The support phase consists in generating the correct joint variable to achieve the
desired body motion. It is identical for the three steps aforementioned, and is similar
to usual inverse kinematics. The swing phase is different for the three kinds of gaits,
particularly for the AEP research.

Even if the top-down approach used here is criticized by most of the bio-inspired re-
searches, it allows an accurate tracking of complex trajectories. This could be desirable
for operations where robot could replace the human being, like demining [HUANO2] or
drilling [SCHM96]. Moreover, a certain degree of reactivity is ensured by the posture con-
trol and the leg synchronization based on the low level ground detection. To summarize,
the free gait developed in this work is a compromise between accurate motion of the body
and a capability to manage uneven ground without environment modeling.
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Leg frame — Present position

uk Desired position

Figure 7.10: Inverse kinematics algorithm

7.3 Kinematic control of a leg

The lowest level of control consists in generating adequate references for the leg joints,
from a foot velocity command coming from higher level, depending on whether the leg
is in support (Section [74]) or swing phase (Section and [I7)). Thereafter these joint
references are sent to PI position controllers which track them. This method is called the
kinematic control.

Following Fig. [ 10, the foot point position can generally be expressed in the leg local
frame by the following relationship:

{PF/z}l = k(q) (7.6)

where k is the leg kinematic function, relating the joint variables ¢ = (¢, qv, qn) to the
foot cartesian position pp ;.

From Eq. ([.6]), an iterative Newton-Raphson procedure can be used to find the desired
joint positions gq* which give the desired foot position p}/l. The k' iteration of this
procedure is

gr =g =T (k(g"Y) = {p i), (7.7)

with J the 3 x 3 jacobian matrix:

ok _ Nppih

J = 7.8
9q 94 (7.8)
which is also equal to the matrix gathering the partial velocities (see Eq. (8:25)):
0 0
J— {pF/l}l _ {'Ul«j/l}l (7.9)

dq 9q
The computation of the jacobian can be estimated in two ways:

e by numerical derivation;
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e with direct computations.

The numerical derivation consists in estimating the j%* column of the jacobian from the
velocity of the foot, by putting successively all the joint velocities to zero excepted one.
The sum of Eq.(3.24)) vanishes, and the result corresponds to the j column of the jaco-
bian. This derivation proves exact because of the linearity of the velocity v with respect
to q. The direct computation requires the closed form expression of the partial velocities.

A simplified model of the AMRUS5 foot kinematics in the leg local frame has been
built with EasyDyn. In this case, the Jacobian only gathers translational velocities and
no orientations. Practically, both methods are fast enough to use them indifferently: the
closed form solution is used herein. Convergence of Eq. (7)) is reached after 3-4 iterations.
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Figure 7.11: Determination of the foot motion from high level commands

7.4 Support phase

The legs in support phase have to cooperate together to produce to desired body motion
while keeping internal constraints ideally null.
Figure [[. 1] shows a leg in support phase and propelling the body. We can write:

{Proto=Top Trio{Prut (7.10)

Position of the foot in the global reference frame, {ps}o, is called the anchor point in
the following, and should be constant. The desired local position of the leg {pj., }: of the
leg can be found with:

{prt = (T5, - Toy) ™" o {Prsoto (7.11)

where T ;, is the desired homogeneous transformation matrix of the body, computed from
the heading velocities (V, V,,, Q2z) in the case of gait on flat ground, and from the heading
+ posture velocities (V;, €, Q,) for the free gait. In the following, the most general case
including the six components is presented.

The homogeneous transformation matrix T, is built every control time step, with
the combination of a 3D displacement and three successive rotations (yaw-pitch-roll con-
ventions). The aim is thus to compute T;f“ from ngf, 'v’g/o, 'v’g;[)l, w'lf/o, w’g;[)l. At time
k + 1 we have:

TS:];Jrl _ Td(XkJFl’ YkJrl’ ZkJrl) . TRz (q)kJrl) . TRy<@k+1) . TR;Lv(\I,kJrl) (712)
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The estimation of displacements (X**1 Y*+1 ZE+1) from global velocities is straightfor-

ward:
XH = Xk+w~At (7.13)
YR = Y’“+M-At (7.14)
ZF = ZM%-N (7.15)

For the rotations, the relation between the yaw-pitch-roll rates ((ID, o, \If) and the global
rotational velocities (€2, €, (2,) is not linear. Effectively, we have:

P
{wb/O}O - [Jw]o : @ (716)
v
where the matrix J, is the velocity transformation matrix of the robot body depending

on (®,0,V) (see Eq. B33)), and where (€, €2.) have been gathered in {wy/o}o. The
computation of (®F1 Ok Wh+L) is made by the following algorithm:

° . first estimation (prediction) of the yaw-pitch-roll angles with the rates
computed at the previous control time :

PFHL = PF L PP A¢ (7.17)
el — oF ok At (7.18)
P = ok Ok A (7.19)

° : compute the new jacobian matrix [Jffl}o ;
° : compute the new yaw-pitch-roll rates:

(i)k+1
. 1
o8t | = L5, el o (720
Wk+
° : correction of the first estimation:
(i)lc (i)k+1
PFHl = oF 4 % At (7.21)
Nk Ve+1
et = @’“+%-At (7.22)
‘I,k ¢,k+1
Pl o= g YA (7.23)

2
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Note that step 3 and 4 could be iteratively processed, but practically one iteration is
accurate enough. The desired HTM TS:?H of the main body is then computed and the
new position of the foot in the leg local frame (Eq. (ZI1])) can be updated for each leg in
support phase, with {pF/O}lg.

In simulation, the tracking is very good because the body position and anchor point are
known exactly. However, on the real robot, there is presently no navigation system, thus
(X,Y,Z) and (®,0, V) are estimated by assuming that the robot is following perfectly its
trajectory. Moreover, the anchor point is computed once at the beginning of the support
phase, assuming there is no slipping. In this work, the robot never walks during a long
period and over long range, which limits the tracking error. Problem of accurate location
of walking machines in outdoor environment is addressed in [COBAOS,/[COBAQ9).

A video illustrating the support phase algorithm, with six legs on the ground, is shown
on YouTube 2. Each component of vy0 and wy )y evolutes separately, according to a sine
motion.

2http:/ /www.youtube.com/watch?v=T8VoP041Pns
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Figure 7.12: Basic cycle of a foot

7.5 Swing phase

For swing phase, the important point is to determine which position the foot has to reach
at the end of its swing. The step cycle time is constant in our approach, therefore the
AEP will change with the robot velocity.

7.5.1 Periodic gait with constant straightforward velocity

This ideal case is often used to illustrate the different kinds of periodic gait patterns. The
straightforward velocity of the robot V; is constant, while V}, and 2, are null. The swing
profile is depicted in Fig. [[. 121 The position of the AEP to reach at the end of the swing
is given by:
. 5T

Pappj = Pep e/ - (7.24)
where C is the center of the leg workspace (rigidly connected to the central body), p. s 1ts
position in the leg frame, and v¢ /g its velocity in the global frame. The latter is expressed
by:

Voo = Vp)o + Wp/o X pC/b (725)

which is also valid for omnidirectional gait. The interest of passing through the point C is
to obtain a stroke centered in the leg workspace. This swing velocity is simply expressed
by:
o Paprn — Prep)
swing/l (1 — B)T

(7.26)
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and gives the velocity of the foot with respect to the leg. The swing velocity is constant
if walking is established. Effectively, during the first step, the stroke is not centered in
the workspace, thus vying is not the same as during the “steady-state” walking.

The generation of the foot position in swing at time k + 1 is differentiated between
the plane parallel to the robot body and its normal direction. For the planar motion, we

have:
Porn = Pilppt Veswingt (7.27)
s k+1 *,k
Pyrn = Py T UpswingAt (7.28)

while a simple up and down profile is assigned for the foot vertical motion. An example
of straight walk is shown on YouTube  where the robot moves forward at 2 cm/s, during
60s. Then it stops and rotates of 90 degrees, and comes back. The position error after 2m
(the first straight line) is about 5 cm, and the angular error is approximately 10 degree.

7.5.2 Omnidirectional periodic gait

Omnidirectionality is the capability of the algorithm to manage any changes in the heading
velocities, at any moment. Another definition is that the robot has to follow continu-
ously a trajectory in a plane, whatever its complexity. We work with the following
assumptions:

e a flat ground,
e a constant period T for the leg cycle;
e a velocity adapted in such a way that legs stay inside their workspace.

Note that, in Section [Z.7] these hypotheses are given up to come to the free gait.

The support phase already includes omnidirectional ability. The keypoint consists
in reaching an adequate AEP so that the robot can continue its motion fluently. As in
Section [Z.5.1], the vertical and horizontal motion of the foot are decoupled; the vertical
one follows the same rule as before, while the horizontal motion is a bit more complex.
Unlike the case of periodic gait with a fixed heading velocity, the foothold can not be
computed in advance.

The AEP is now recomputed at each control time, because velocity can change at any
moment. The foot has to travel a distance pleP/l — Ppy in a time Tswing — tiocar Where
Tswing 1s the time allowed for the swing (i.e. 7'+ (1 —/)) and t;oq is the time elapsed since
the beginning of the swing:

B szp/z — Pryi

Vswing = . 7.29
7 Tswing - tlocal ( )
The denominator of Eq. (Z29) can lead to very high velocity at the end of the swing
phase: to avoid a runaway, a saturation limits the velocity. The latter is twice the swing

velocity in the case of a steady-state motion of the robot. The new reference position of

3http://www.youtube.com/watch?v=dhpga3h2m9l
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the foot p;]?;ll is computed as in Section [[LA.Jl With the continuous computation of the
target point, the feet stroke is automatically centered around the workspace center in 1
or 2 steps.

7.5.3 Results of omnidirectional motion

This section illustrates the efficiency of the algorithm for complex trajectory. The dy-
namic model of AMRU5 without friction in the joints has been used to develop the
omnidirectional gait: actually, friction is not essential for development of gait algorithms,
and considerably slows down the simulation time.

Inputs of the systems are the heading velocities (V,,V,,€2.). Because there is no
joystick or other input stream allowing a direct command of these references, three kinds
of paths have been computed off-line. Time to travel the distance is fixed so that the
resulting velocities are not too important to avoid a leg going out of its working space.
The paths are shown in Fig and consist of:

e a back and forth motion: the beginning of the motion is commanded by
V,=0.015m/s and changes abruptly to V,=-0.02m/s at t=140s;

e straight lines with sharp direction changes: the alternating between reference veloc-
ities is indicated in Fig. .13} the yaw rate remains equal to zero;

e and a spline with continuously varying heading velocity: here the three components
(Va, Vy, Q) are different from zero.

Back and forth motion This case highlights the capability of the swing phase to deal
with a velocity reversal of the body motion. The reference motion X and the tracking
error X — qo are shown in Figure [[.T4l The tracking is perfect, because we assume that
there is a navigation system accurate enough to give the exact position of the main body.
Because of the dynamic nature of the feet/ground contact, the transitions between leg
triplets give rise to some disturbances, which do not exceed 2 mm.

Fig. highlights the adaptation of foot 1 trajectory when the velocity reversal
occurs. The velocity change has been encircled and arrows indicate the direction of the
path traveled by the foot. While the foot is swung forward, the change in heading velocity
results in a new target point, located approximately at the opposite of the previous one,
but further such that the stroke is higher because of a greater velocity.

Straight lines In this application, straight lines are traveled by the robot body (Fig-
ures[7.T0]). Again the tracking is excellent, and the deviations from the reference trajectory
occur because of transition on leg triplets. They do not exceed 3 mm.

The foot 0 trajectory adaptation is shown in Fig. [.I7 for ¢ = 50s. The swing phase is
successfully adapted, as well as the stroke. Note, however, that the stroke on the ground
is not a line, while heading velocity is along one direction. Effectively, the foot is slipping
on the ground and is deviated from its expected trajectory. This is not a problem if the
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1) Back and forth motion 2) Straight lines

V,=0.01m/s t <50s
V,=0.015m/s t<140s V,=—0.025m/s 50 <t <100s
V,=—-0.02m/s 140 <t < 245s V,=0.015m/s 100 <t < 150s
V, =0.015m/s 150 <t < 200s
V, =0.02m/s 200 < t < 25Qs

Global reference frame

o 3) Spline

Zo

" Vo £ 0.V, 40,9, 40

Figure 7.13: Example of paths requiring an omnidirectional ability
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Figure 7.15: Foot trajectory adaptation for a heading velocity reversal (foot 1)
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Figure 7.17: Foot 0 trajectory adaptation in case of a motion change of 90 degrees

navigation system is able to give the real position of the robot body. If no navigation
is available, the main body position is supposed to follow perfectly the reference. This
leads to unavoidable errors in the determination of the anchor point. Consequently the
tracking is not so good, as shown in Fig. [.18

Spline Spline is a good illustration of continuously changing velocity The robot body
must follow the spline and adapts its yaw to stay tangential to the XY trajectory. Fig-
ure shows the evolution of the robot with and without navigation system. The
corresponding tracking errors are illustrated in Fig. [[.20

Figure [[.2T] shows the continuous adaptation of the foot trajectory for time between
0 and 100s. Because of the yaw rate different from zero, the stroke of the foot is now
curvilinear.

A video available on YouTube* shows the evolution of the real robot for a spline
trajectory. The video has been accelerated four times. Despite of the constant variations
of the heading velocities, the legs stay correctly centered in their workspace.

4http:/ /www.youtube.com/watch?v=IEa94B92L04
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Figure 7.22: Enhanced cycle of the foot

7.6 Enhancement of the periodic gait

Up to now, we described how to generate a gait to produce a smooth motion of the
robot, whatever the trajectory, provided that we stay in the framework of periodic gaits.
However, such an implementation on the real robot is not recommended. The lack of
rigidity of the horizontal joint makes that the foot is not immediately lifted up as the
vertical joint is moved. Hence, if the foot forward motion is executed while it is still on the
ground, antagonist forces arise. They disturb the gait and force the joint transmissions,
and are consequently undesired.

Figure shows the usual swing profile (dotted line), and an enhancement profile
of the swing (blue line) 5. The aim is to lift attain a certain high AZ sufficiently high to
begin the forward motion to the AEP.

The support phase is similar in both cases. The swing phase is divided in four sub-
phases. The differences between the normal and improved foot profiles are depicted
qualitatively in Fig. [[.23] where trajectory of feet 2 and 3 are described in plane O;y;2;.

e PEP (and AEP) overlap (equivalent to the double stance in human walking): the
support phase is slightly extended to avoid a simultaneous landing and takeoff of
the legs, which results in a better load transition. This is the case during 0.5 < ¢ <
0.5+ % for foot 2;

e Takeoff: the foot keeps the same horizontal motion as in support phase but is lifted
up with a constant velocity. Takeoff occurs during 0.5 + % < ¢ < 0.5+ 2A¢ for

5Note that this enhancement is the default implementation on AMRU5. A direct generation of the
legs trajectory as presented before damages the sprocket chain transmission of the rotational joints.
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foot 2;

e Swing itself: the foot is brought to the AEP position, in such a way that the stroke
is centered in the workspace. The (x,y) local coordinates of a virtual AEP at the
end of the swing (or at the beginning of the landing) are computed once at the
beginning of the swing:

. (B +4A9)T
pAEP,landing/l = pC/l + Veyo - # (730)

The horizontal velocity of the foot for a fixed swing time is:

o PARPlanding/l — p;EP,mkeoff/l
e (1—(8+4A¢))T

(7.31)

where Pppp akeors g is the initial foot position at the end of the takeoff, and
(1 — (B +4A¢))T is the swing time. The vertical motion of the foot is still lifted up
with constant velocity until the half of the swing; then it goes down with the same
velocity.

e Landing: similar to the takeoff, the horizontal motion corresponding to the support
phase already begins while the foot is going down at constant velocity. A virtual
AEP is computed once at the beginning of this phase, to allow the execution of the
support phase algorithm. This is the case during 1 —2A¢p < ¢ <1 — % for foot 2.

Note that the idea of overlapping is not new [SHIHST], but it has not been formalized
as in this work. The vertical compliance of the leg could be introduced in our simulations
by changing the soil stiffness parameter. We chose a softer soil with K,q=1e4 N/mPx,
which produces a penetration of 49 mm if the robot is standing on three legs. This seems
important but it was actually observed before the replacement of the horizontal bearings.
Under these conditions, we simulated a straight displacement of the robot with a velocity
of 0.02m/s, without navigation system, as it would be the case on the real robot.

Fig. presents the evolution of the main body ¢y parameter, for a constant velocity
V. =2cm/s. With the enhanced profile, the reference is correctly tracked, while with
normal profile, antagonist forces disturb the motion of the robot, which quickly induces
a drift in the reference tracking. The case without navigation is naturally considered (as
for the real implementation).

Remark that this improved algorithm is interesting in the case of tripod gait, but
becomes less relevant as duty cycle of the legs increases, because load transition is not so
hard anymore. A tripod gait with this enhancement has been used for the validation of
our dynamic model in Section [Gl
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Figure 7.24: Tracking of a straight line on soft ground

7.7 Free gait

The last step to obtain an autonomous robot able to walk in unstructured environment
is to deal with terrain variations. The algorithm developed here is adapted from those of
Porta and Celaya [PORT04] presented before, with a major difference: our approach is
top-down based, the leg motion is a consequence of the desired body motion. In [PORT04],
the body motion is an emergent behavior of the legs positioning.

The free gait can be seen as a generalization of the omnidirectional periodic gait, where
two points require special attention:

e The user imposes a trajectory in the horizontal plane (thus a global heading veloc-
ity). The robot body has to track it accurately while keeping a posture consistent
with the relief. The posture algorithm of Section [[.7.1] and the global velocity cor-
rection of Section manage this aspect.

e The ground touching is not known in advance anymore: hence the leg coordination
is totally unpredictable and some extra conditions are specified to allow the lifting
of the foot. This is detailed in Section [[.7.3]

Detection of the ground is different in simulation or on the real robot: normal force is
known in simulation, and thus we consider that ground is detected when the normal force
is higher than a threshold of 10N. But on the real robot, method of ground detection
presented in Section is employed.

Complete algorithm is summarized in Section [[.7.4] and simulations results are pre-
sented in Section
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Figure 7.25: Posture adaptation : 2-D case

7.7.1 Posture control

The basic idea is to keep the algorithm managing the support phase intact, and to provide
to it correct inputs so that the posture can be controlled. The posture control is a
local phenomenon which only concerns ©, ¥, the pitch and roll rates, and V, the vertical
velocity. The condition for posture calculation is called Rule 1 and is noted:

Rule 1

Compute the posture if a new leg touches the ground

Figure depicts the posture control algorithm in 2-D. The initial case () shows
the reference posture. Assume that the hexapod encounters a step as in (2). The posture
control consists in finding the adequate Az and Af 3) to minimize Eq. (T.32)).

Problem comes down to find Az, Ay, A6 which minimize the criterion:

Nieg

D = Z(pi,F/b - ]9;0/19)2 (7-32)

i=1

where p; Fp 18 the vertical position of foot ¢ in the body frame, and p;C K reference
corresponding to a well-conditioned posture. The sum of Eq. (Z32)) takes into account
the six legs: for those in swing, the z coordinate of the last contact point is used. Equa-
tion (Z32)) is a a simplification of Eq. (T2). For the considered leg, the computation of
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wtraj

vtru,j !

Figure 7.26: Correction of global velocities

Pryp 18 made by:
{pF/b}b = (Tposture)il ° {p(})?/b}b (73?))

where p% /b is the initial foot position before posture computation, and T',osture is a local
kinematic model of the body, defined by:

T posture = T(0,0, Az) - T (AQ) - TH=(Aq). (7.34)

Practically, the simplex minimization algorithm of the GNU scientific library is used to

minimize Eq. (T.32).
Once the parameters Az, Ay, A minimizing criterion ([Z.32]) are found, they are con-
verted in body local velocities:

v, = Az/tpes (7.35)
Wy = Aw/tpost (7.36)
wy = AO/tpos (7.37)

where t,,5 is a time interval long enough to attain the desired posture. In the particular
case of AMRUD, this parameter has been set to 2s.

7.7.2 Correction of global velocities

The posture correction must be transformed into global velocities. Consider Fig. [7.26]
where n is a vector normal to the body plane, and z, is the global Z axis. The user
imposes the heading velocities (V, V,, €2,), which are now represented by vyqj, Wirq;. The
posture algorithm gives v, = (0,0, v,) and wy,st = (w4, wy, 0) as outputs. For the linear
velocities, the simple sum vy,.q; + Vposr would yield an error on the (X,Y) components of
the global velocities. That’s why a correction is added to the body velocity:

Uy = Utraj + Upost + Vcorr- (738>
The contribution v,,st + Veorr must be parallel to the Z global axis:

Vpost + Veorr = Vuz (739)
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Projection on the normal axis n allows to find the velocity V:

(vpost + vcorr) n = V- U, n (740)
Vpost M = V- -u, - n (7.41)
v o= et B (7.42)

u, - n

Finally, the corrected velocity vector which will be given to the support phase algorithm
is
vpost 'n .

Vp = Vpraj + u,. (7.43)

U, n
A similar reasoning can be made for the rotational velocities. The point is that the Z
component of the rotational velocity remains unchanged. So, the simple sum of wy,,; and
Wpost Must also be corrected by adding w.e,, a vector parallel to the normal direction n.

We have:
Wh = Wiraj + Wpost + Weorr- (7.44)

We want to keep the Z components unchanged:

Wirgj = Uy + Wpost * Wz + Weorr - U, = Wirgj - Uy (745>
Wpost = Uy + (wcorr : n) U, = 0 (746)
Weorr = _M (747)

n-u,

Finally, the corrected rotational velocity vector which will be given to the support phase
algorithm is:
wpost ‘U .

(7.48)

Wp = Wiraj + Wpost —
n-u,

7.7.3 Swing phase for free gait

As mentioned before, the swing problem is twofold: first thing is to select the swing
candidate. Second thing is to drive the foot to a convenient position for the next support
phase. Here we use two criteria which are quite conservative, because the stability of the
robot is more concerned than the cruise velocity.

Selection of the swing candidate(s) Two rules have been used to select the best
swing candidate. The first one is [PORT04]:

Rule 2

A leg can swing if and only if neighboring legs are in support

Table of Fig. gives the numbering of the legs and their neighbors ny, n_.
The Rule 3 determines the leg to swing among the legs satisfying Rule 2:
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Figure 7.27: Tllustration of rules 2 and 3

Rule 3

Lift up the leg if its kinematic margin is lower than the one of its two neighbors

where the kinematic margin [LEESS[HALMO96| is the remaining distance to travel (in the
direction of the robot motion) before reaching the boundary of the working zone. An
illustration of the kinematic margin ¢ is found in Fig. in the case of six legs on the
ground. The interest of this criterion is that it confers to the vehicle omnidirectional
ability, because d is continuously computed and depends on the heading velocity of the
robot body. Assume that initial velocity of the robot is V; in Fig.[[.2T then the candidate
for swing is leg 3. If velocity changes abruptly to V5, leg 0 becomes candidate.

The combination of these two criteria converges to a tripod gait on flat ground in most
of the cases, and sometimes to a forward wave gait. But the convergence is not proved in
this work: it would require extensive gait simulations with arbitrary positions of the six
legs. However, in [PORT04], an extensive study proves that tripod convergence is reached
with rule 2 and some priority assignments on neighboring legs.

Swing motion The AEP is selected to have a maximum kinematic margin, under the
assumption that the body heading velocity is not changing. The takeoff and swing times
are set constant, but not the landing because of uneven ground. Generation of feet motion
for takeoff and landing is identical to the one of Section [[.5.2

The swing itself is a bit different. Computation of the AEP landing point is made
continuously with Eq. (24]). The swing velocity of the foot is computed by Eq. (Z31),
excepted that denominator is a constant time, fixed in our case at 3s.
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Vi Vs
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PEP takeoff
Begin swing
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Leg frame

AEP landing (1) End swing AN

AEP landing (2)
Figure 7.28: Research of target point in swing phase

The vertical position of the foot remains identical during the swing phase. This sup-
poses that the takeoff has given a foot clearance high enough to avoid obstacles.

Figure sketches a swing phase with changes in robot heading velocity. Beginning
of the swing occurs in (). The point AEP landing (1) is computed. Foot velocity is
calculated with Eq.([Z3T]). At @), the heading velocity changes from V; to V. The target
point is now AEP landing (2). The swing ends at (3) because time for swing is elapsed.
The leg goes down and a new support phase can begin, following the new support path
@. If velocity V5 remains constant during several steps, the new stroke tends to align
along the AEP landing-C direction so that the possible stroke is always maximal.
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7.7.4 Free gait complete flowchart

Figure depicts the flowchart of the free gait algorithm. The heading velocities
(Va, Vi, Q2,) are read from the input stream. Then, if necessary (see rule 1), the posture
is computed and gives the local velocities (v,,w,,w,) are merged together and corrected
by the algorithm presented in Section [.7.2] so that the global velocities vy, and wy /o are
available. The foot trajectory generation produce the next foot position p. s to reach,
depending on the state of the leg. The inverse kinematic procedure provides the new joint
references to the PI controllers. Then, rule 2 and rule 3 determines the swing candi-
date(s), and also manages the deadlocking condition of the robot, i.e. if one leg reaches
the boundary of its workspace and can not be lifted up. In this case, the safest way to
operate is to stop all the legs in support so that robot halts. Legs in takeoff, swing and
landing are allowed to continue their motion. For landing and takeoff, only the vertical
foot motion goes on. If the robot is not deadlocked, the loop begin again.
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Figure 7.29: Free gait algorithm (starting with deadlock condition)
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7.7.5 Results of simulations

As for Section [.5.3] the dynamic model has been used to prove the correct working of
the free gait algorithm. The friction coefficient at ground has been increased from 0.3
(Validation, see Chapter [@) to 0.7. In that way the robot is able to climb the different
reliefs with a smaller slipping.

Three paths have been computed off-line to have an ASCII file as input stream for
heading velocities. For each of them, a non flat terrain has been inserted in the model.
The three cases considered are shown in Fig.

e The robot follows a straight line during 400s with a velocity V,=0.01m/s. There is
a step as obstacle of 8 cm high on the right of the robot;

e The robot moves according to a succession of straight lines along X and Y axis.
Each section of the trajectory lasts 100s and is covered with V, or V,=0.01m/s.
The relief is a slope of 20 degrees;

e The robot follows a spline trajectory which lasts 1000s. This spline has been built
such that the tangential velocity of the robot never exceeds 0.02m/s. The relief is
a completely uneven ground.

Ground surfaces have been designed with Blender and exported under a Polygon
File Format (or the Stanford Triangle Format) with *.ply file extension. The collision
detection between the ground and the feet is managed by C++ routines which have been

developed in the context of this thesis.
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Case 1) V. #0,V,=0,Q,=0

Case2) V,#0,V,#0,Q.=0

Case 3) Vo#0,V,#0,Q,#0

Figure 7.30: Example of paths requiring a free gait
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Case 1 The X motion of the robot remains at 1cm/s along the X direction, during
500s. Figure [Z.31] shows the evolution of the robot when it climbs on the step and when
it is completely on the step.

Direction of motion Direction of motion Direction of motion

i

Z view Y view X view

j 1 e

Climbing the step

On the step

Figure 7.31: Screenshots of the animation (case 1)

Figure [[.32] shows the trajectory tracking errors. The obstacle does not disturb the
tracking, which remains quite good even without navigation. The small deviation is due
to the small slipping of the robot on the ground.

0.009 : . . | _ s
0.008 k- Navigation e

' Without navigation -
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0 100 200 300 400 500

t (s)
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Figure 7.32: X reference and tracking error vs. time (case 1)

Figure shows the evolution of the body altitude along the X position, for different
robot clearances hy,. The clearance is defined as the height of the robot center of mass
with respect to the estimated ground plane. The robot posture is just below the desired
clearance due to the sinking of supporting legs in the ground (compare the robot heights
with the dotted lines). The height varies logically when there are one, two or three steps
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on the step. The peaks are caused by the landing of the leg on high rigidity ground:
this induces a light lifting of the main robot body, which is corrected immediately by the
posture algorithm.

056 T T T T T
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Figure 7.33: Body height vs. X coordinate, for different body clearances (case 1)

Figure[l34represents the roll and pitch of the robot for h, = 0.045. The beginning and
end of the trajectory are characterized by zero roll and pitch, because of flat ground. The
pitch is negative during the rise of the obstacle, null on the step and positive at descent.
The roll also goes down progressively during the obstacle climbing, stays constant during
the crossing, and increases to reach a null value on flat ground. Because of the discrete
nature of the posture correction, it is not surprising to have a discontinuous evolution for
pitch and roll.
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Figure 7.34: Evolution of the roll and pitch vs. X coordinate (case 1)

Case 2 Figure[[.38 shows the time history of X and Y references, and the magnitude of
the XY tracking errors. The relief is correctly tracked, thanks to the posture correction.
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Figure 7.35: XY references and tracking error magnitudes vs. time (case 2)

Figure represents the altitude evolution with the relief for different body clear-
ances. The latter are conserved on the slope, according to an initial defined value. The
velocity of the robot is never parallel to the slope because of the discrete nature of the
correction. The initial clearance is correctly retrieved after the climbing of the slope.
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Figure 7.36: Evolution of the body height vs. X coordinate, for different body clearances

(case 2)

Figure [[.37 presents roll and pitch for h, = 0.045. The roll remains around zero, while

the pitch adapts to 20°. The pitch decreases afterwards because some legs attained the

flat ground on the top of the slope, while others are still on it.
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Figure 7.37: Evolution of the roll and pitch vs. X coordinate (case 2)
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Case 3 The last case demonstrates that a curvilinear trajectory can be accurately
tracked on real environment with the proposed algorithm. Figure shows the X and
Y references and the magnitudes of the X,Y tracking errors with and without navigation.
Figure illustrates the time history of the yaw reference, and the corresponding track-
ing error with/without navigation. From these two figures, we can say that even without
navigation, the tracking is correct.

Figure gives the robot altitude variation with respect to the X coordinate, and
Fig. [[41] depicts the roll and the pitch of the robot with respect to this same coordinate.

0-05 T R T T T 12
_ Tracking error (Nav) —— 1
— Tracking error (Without Nav) - T
£ Xpej == A 10
S 0.04f Yiep - g
TFJ‘ L"h 18
T 003} F %3 17
g H"-' '"'1‘ :“f‘,‘h’-yz 6 —
+ }} il"',t .'1;1‘ 15 €
[a] . h:r- "'," .L‘ . J’"“: i ~—
= 0.02} LT ot 4
T b 13
~' v‘:r 1 2
g N
~ et T ~ 0
e 11
0 el it bt illid] o
0 200 400 600 800 1000

Figure 7.38: XY references and tracking error magnitudes vs. time (case 3)

A real example of walk on uneven ground exists on YouTube®. At the beginning of
the video, the selection of the swing candidate takes some times to reach the tripod
gait. Then, robot evolves on the uneven ground, and succeeds in passing the obstacle.
The ground detection is made by the algorithm presented in Section Note that this
experiment has severely damaged the horizontal joints of the robot: for this reason we
replace the ball bearings with linear bearings.

Shttp://www.youtube.com/watch?v=xY059cPqld4
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Figure 7.39: Yaw reference and tracking error vs. time (case 3)
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Figure 7.41: Evolution of the roll and pitch vs. X coordinate (case 3)

7.8 Summary

Three gait algorithms have been developed in this chapter, and successfully implemented
on the real robot. The first one concerns classical periodic gaits. The second one develops
the omnidirectional ability of the robot, in other words it allows the robot to follow any
arbitrary trajectory, provided that it is on flat ground, and that velocities are not too
important to keep the feet in their working zone. Stability issues have not been discussed,
because the restricted workspace of the legs is such that a roll over of the robot can not
occur. The third algorithm developed concerns free-gait on uneven ground. In addition
to omnidirectional ability, the robot is able to walk on uneven ground by adapting to the
relief, without force control as in most of walking robots. The ground profile tracking is
ensured by a posture control, which tries to minimize the vertical distance of the feet in
their actual position with a reference position.

The implementation on the real robot has shown that takeoff, landing and overlap
phases are important to have a smooth trajectory tracking. Effectively, the deformation
of the horizontal transmissions makes that the foot is not immediately lifted up as the
vertical joint is moved. Consequently, the swing motion can not be executed immediately
after the support phase, because it creates antagonist forces on the ground. In the same
way, the swing-support transition can not be direct, because foot has already landed on
the ground while it ends its swing. These antagonist forces are responsible for severe
damages on the rotational joints, and bad trajectory tracking.






CHAPTER 8

Conclusions and prospects

Walking machines are complex mechanical systems which have been extensively studied
for more than thirty years. Their principal interest is their ability to move smoothly on
uneven ground, and to cross obstacles that wheeled robots are not able to pass.

The first part of this work was the development of a complete dynamic model of
the robot, with the help of the open-source and flexible C++ library EasyDyn. The basis
of the model is a multibody description of the mechanical parts of the robot, by using
the minimal coordinates approach. On top of this, actuators, controllers and friction
models are inserted to create a deep dynamic model, whose time integration is performed
as a whole. The first contribution of this thesis concerns the inclusion of the LuGre
model in the eighteen joints, with a special care for the irreversibility of the vertical
joint. Effectively, the irreversibility behavior of this joint is experimentally stated, because
robot becomes self-supporting when power is removed. We identified the parameters of
the model and succeeded in reproducing this irreversibility, either in the case of a non-
powered robot and in the case of a tripod walking on a flat ground.

The second contribution of the modeling concerns the validation of the dynamic
model. Usually, they are validated by comparing forces measured at ground, or current in
motors for one leg moving in the air (similarly to a robotic manipulator). Here we tried
to identify friction as accurately as possible, to reproduce the time history of currents and
voltages in the actuators, and derive the real power expenditure of the robot. Extensive
simulations have been performed by a Monte Carlo process, to quantify the error on
the specific resistance estimation of the robot. Finally, friction appears to be the most
contributive effect in terms of power consumption as it represents more than 80 % of the
energy losses in the system. This has previously been stated by other authors in literature.

The second part of the work was dedicated to the generation of gait pattern. Secondly,
we tried to developed a gait algorithm which is reliable, and simple to implement. Gaits
on flat ground have been developed first, with omnidirectional ability which allow to
follow any arbitrary trajectory defined in the ground plane, and in a continuous way.

177
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This represents a third contribution of the work, because most of the time the path
followed by a walking machine is defined by successions of straight lines or arcs of circle.
Dynamic simulation and implementation on the real robot have been made in parallel.
This allows to formalize an improved foot cycle, with takeoff, landing and overlap phases.
Without this improvement, implementation on the real robot is very inefficient and can
even damage the rotational joints.

Finally, a free gait algorithm for walking on uneven ground has been developed. The
feet in support phase move the robot according to a trajectory defined in the ground
plane, and adapt the posture of the robot to follow the terrain. The leg to swing is chosen
from two simple criteria:

e if both neighbors of a leg are on the ground, then the leg can be lifted up;
e the leg can swing if it has a smaller kinematic margin than its two neighbors.

These rules are known for a while in walking machines. The fourth contribution rather
lies in the navigation approach: the inputs of the system are heading velocities, which are
corrected after the posture calculation. In that way, it is shown that the robot adapts its
local velocities to satisfy the velocity imposed by the user in terms of horizontal motion.
Always in the context of free gait, an original ground detection algorithm based on current
measurement has been developed and implemented successfully on the real machine. The
accuracy of ground contact force is not very good, principally because of the numerous
elements existing in the transmission of the vertical joints.

Finally, it is worth noticing that the tools for foot reference computation have been
developed in a very general way, so that the adaptation on any other leg mechanism
classically encountered in walking machines is direct.

In parallel to modeling and simulation, the complete control architecture of the robot
has been developed. It is based on a master-slave relationship. The developed codes are
identical between simulations and experiments, and have been developed in C/C++ .

This work has shown that the design of a static walker is not easy, especially with
regards to the transmissions which are high geared, and consequently deteriorate the
global efficiency of the vehicle. It could be interesting to compare the same robot with
different actuators: for example, consider an AMRUS5 bis with artificial muscles, as in
biped machines. This kind of actuator is naturally compliant and could avoid antagonist
motions of the feet on the ground; it also requires no gearing and avoids undesirable effects
like stick-slip. They could improve greatly the specific resistance of the static walkers. A
second prospect is to mix the friction modeling approach developed in this thesis with an
efficiency approach. Efficiency of transmission naturally accounts for the load acting on
it. In this way, the tedious identification of friction with different load conditions could
be avoided. A third research prospect would be the integration of stability issues in the
choice of the swinging leg in the free gait algorithm. Indeed, the speed of the robot is
linked to the mobility of the leg, itself linked to the size of the workspace. If the workspace
becomes large, the risk of instability is more important, and hence it should be taken into
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account in the free gait criteria. Tip-over stability should also be considered, because
when the robot is walking on uneven ground the stability issues developed for periodic
gaits are no longer sufficient.






APPENDIX A

Definition of elementary homogeneous transformation matrices

A pure 3D displacement can be expressed as:

100 =z
010y
T = Al
@pa=|g 01" (A1)
0001
A rotation # about x axis is put under the form:
1 0 0 0
0 cos(f) —sin(d) 0
T () = A2
(6) 0 sin(f) cos(f) 0O (4.2)
0 0 0 1
A rotation # about y axis is put under the form:
cos(d) 0 sin(f) O
0 1 0 0
T (9) = A3
() —sin(f) 0 cos(d) 0 (A.3)
0 0 0 1
A rotation # about z axis is put under the form:
cos(f) —sin(f) 0 0
in(f) cos(d) 0 0O
Tr(g) = | S0 !
() 0 0 10 (A-4)
0 0 0 1
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APPENDIX B

Detailed description of AMRU5

B.1 Mechanics

AMRUS5 is a six-legged robot with an hexagonal architecture. Its outer diameter varies
between 1.2m and 1.6m, and its weight is about 34 kg. Each leg is pantograph-mechanism
based, and has three degrees of freedom. Each of them is actuated by one and only one
DC motor.

Fig. [B.l gives the configuration of one pantograph mechanism, as well as the relative
position of the leg with respect to the main body. Center of mass of the main body and
of the leg chassis are determined with the help of CAD tools (Solid Edge). Table [B.]
summarizes the relevant geometrical data.

The pantograph mechanism induces a reduction ratio between the motion of the foot
and the degrees of freedom considered in the work (which are ¢o, ¢; and ¢ on Fig. [B.J).
Reduction ratios are :

Zfoot = —6(11 (Bl)
Zfoot = 76]2 (BQ)

Note : to obtain the real length of each pantograph body, h must be added (except
for the foot where h/2 has to be considered)

AMRUS5 is made with duralumin, an aluminium alloy which benefits from the alu-
minium lightness an higher rigidity. Only some critical parts, like the rotational trans-
mission shaft, are made with steel. Inertia and mass characteristics are listed in Table
B.2l Inertia have been computed with the help of Solid Edge. For each body, data are
given in the center of mass frame.
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B. DETAILED DESCRIPTION OF AMRU5

e 0.004 || thickness of the bodies composing the leg

€p 0.005 || thickness of the plate composing the main body

h 0.025 || distance from the rotational joints to the extremity of bodies
H 0.144 || gap between the two rings of the main body

R, 0.175 distance from middle of robot to rotation axis of the leg

Ly 0.28 interaxial length of the superior part of the pantograph

Ly 0.07 interaxial length of the left part of the pantograph

Lo 0.24 interaxial length of the inferior part of the pantograph

Ls 0.492 || length between upper joint and foot

c 0.04 distance used to compute the dependent configuration parameters
rg,, || 0.2055 || position of center of mass of the leg

Lo 0.155 || position of the center of mass 0 wrt the bottom of the “chassis”
Ly 0.05155 || rotational axis of the leg and its chassis CM X distance

L, -0.0168 || rotational axis of the leg and its chassis CM Y distance

L, -0.084 || rotational axis of the leg and its chassis CM Z distance

L. 0.06045 || crossing point and leg chassis CM X distance

Ly 0.0168 || crossing point and leg chassis CM Y distance

L. 0.032 || crossing point and leg chassis CM Z distance

L. 0.104 || main body CM and rotational actuator modeling X distance
L7 -0.06 crossing point and vertical actuator modeling X distance

Ly -0.04 crossing point and vertical actuator modeling Y distance

L., 0.035 || crossing point and vertical actuator modeling Z distance

L,s -0.057 || crossing point and horizontal actuator modeling X distance
Lys -0.04 crossing point and horizontal actuator modeling Y distance
L.g -0.081 || crossing point and horizontal actuator modeling 7 distance

Table B.1: Geometrical data [m]
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p 2710 [kg/m3] || specific mass of duralumin

psteer || 7800 [kg/m3] || specific mass of steel

Mieq 4.372 total mass of a leg

my 8.215 mass of the main body with 6 motors and transmissions
my 2.895 mass of body supporting leg (my; — mo — ms — my — ms — 3Mmy.or)
Mo 0.157 mass of the upper part of the pantograph

mg 0.055 mass of the left part of the pantograph

my 0.143 mass of the lower part of the pantograph

ms 0.564 mass of the right part of the pantograph (leg)

Myot 0.186 rotor mass

Mot 34 total mass of the robot

10, 0.1063 XX inertia moment of the main body

]gy 0.1198 YY inertia moment of the main body

10, 0.0843 Z7 inertia moment of the main body

Il 0.016337 XX inertia moment of the body supporting the leg

[yly 0.019609 YY inertia moment of the body supporting the leg

IL 0.006668 77 inertia moment of the body supporting the leg

I2, 0.000019 XX inertia moment of the upper part of the pantograph
Iyzy 0.001142 YY inertia moment of the upper part of the pantograph
I2, 0.000047 77 inertia moment of the upper part of the pantograph
I3, 0.00005 XX inertia moment of the left part of the pantograph
]g’y 0.000047 YY inertia moment of the left part of the pantograph
I3, 0.00047 77 inertia moment of the left part of the pantograph
I 0.000017 XX inertia moment of the lower part of the pantograph
[;ly 0.000825 YY inertia moment of the lower part of the pantograph
It 0.000828 77 inertia moment of the lower part of the pantograph
I, 0.000074 XX inertia moment of the leg

Iy5y 0.012151 YY inertia moment of the leg

I, 0.012167 77 inertia moment of the leg

Iret 6.55e-6 axial inertia moment of the rotor

Iret 1.91e-4 equatorial inertia moment of the rotor

Table B.2: Inertial data (mass in [kg] and inertia in [kg.m?])
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B. DETAILED DESCRIPTION OF AMRU5
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Figure B.1: Geometrical configuration of the leg

B.2 Electronics

Figure [B.2] presents the slave board organization, and Fig. [B.3] focuses on the motor
current acquisition schematics.
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APPENDIX C

Friction measurements for unloaded legs

Current measurements are represented in Figures to [C6l for unloaded legs, and
with constant velocity profiles imposed to each joint separately. The ordinate has been
voluntary scaled from -0.6 to 0.6 A, so that the reader can easily compares the differences
between actuators.
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Figure C.1: Current measurements for leg 0
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Figure C.2: Current measurements for leg 1
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Figure C.3: Current measurements for leg 2
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