TRITA-MMK 2003:19
ISSN 1400-1179
ISRN KTH/MMK-03/19-SE

Doctoral thesis

Legged locomotion:
Balance, control and tools
— from equation to action

Christian Ridderstrom

Department of Machine Design
Royal Institute of Technology

2003 S-100 44 Stockholm, Sweden

Stockholm



Akademisk avhandling som med tillstand frAn Kungliga Tekai Hogskolan i
Stockholm framlaggs till offentlig granskning for avliaggke av teknologie dok-
torsexamen, defi2:e maj 10:00i Kollegiesalen vid Institutionen fér Maskinkon-
struktion, Kungliga Tekniska Hogskolan, Stockholm.

(© Christian Ridderstrém 2003

Stockholm 2003, Universitetsservice US AB



Till familj och vanner






Abstract

This thesis is about control and balance stability of legbmotion. It also
presents a combination of tools that makes it easier to desigtrollers for large
and complicated robot systems. The thesis is divided inio farts.

The first part studies and analyzes how walking machines antradled, ex-
amining the literature of over twenty machines briefly, andnsachines in detalil.
The goal is to understand how the controllers work on a lee@vo task and path
planning, but above actuator control. Analysis and congparis done in terms of:
i) generation of trunk motion; ii) maintaining balance) generation of leg sequence
and support patterns; and iv) reflexes.

The next part describes ABP1, a four-legged walking robot platform that has
been built with the long term goal of walking in rough terraiRirst its modular
structure (mechanics, electronics and control) is desdrilfollowed by some ex-
periments demonstrating basic performance. Finally thinemaatical modeling of
the robot’s rigid body model is described. This model isdisymbolically and
is general, i.e. not restricted toANP1. It is easily modified in case of a different
number of legs or joints.

During the work with WARP1, tools for model derivation, control design and
control implementation have been combined, interfacedaarguinented in order to
better support design and analysis. These tools and methreddescribed in the
third part. The tools used to be difficult to combine, esfdicfar a large and com-
plicated system with many signals and parameters suchsar¥W Now, models
derived symbolically in one tool are easy to use in anothek ftor control design,
simulation and finally implementation, as well as for viszation and evaluation —
thus going from equation to action.

In the last part we go back to “equation” where these toolstlaédstudy of
balance stability when compliance is considered. It is shtvat a legged robot
in a “statically balanced” stance may actually be unstabl@thermore, a criterion
is derived that shows when a radially symmetric “staticédialanced” stance on a
compliant surface is stable. Similar analyses are perfdrfoetwo controllers of
legged robots, where it is the controller that cause the tiamge.

Keywords
legged locomotion, control, balance, legged machinegg@égobots, walking robots,
walking machines, compliance, platform stability, symbohodeling
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Notation

See chapter 6 for details on coordinate systems, refereaoge$, triads, points,
vectors, dyads and general vector algebra notation. TaBl®6 page 152 lists
points and bodies in the ¥&P1 rigid body model (rbm). Vectors fixed in bodies of
the WARPL rbm are listed in table 6.3 on page 152.

Bodies, points and matrices are denoted using captiatdetteg. A. Vectors
are written in bold and the column matrix with components géetorr is written
asr. Similarly, dyads are written in bold and the components of a dyad i.e. its
matrix representation, is written as Note that a left superscript indicates reference
body (or triad) for vectors and matrices (see 144).

b1, by, bs, b triad fixed relative taB, b = [by, by, bs]”
n;,ny,n3, n triad fixed relative taV, n = [ny, ny, ns]”*
N, B,T;,S;, H;, K;, P, points in WARPL1 rbm (table 6.2).

rBH pHT pHE 2 KS 2 KPP hody fixed vectors of the YARP1 rbm (table 6.3).

I} duty factor

lor; leg !, index indicating led

L total number legs (L=4 for WRP1)

t time

T period or cycle time

T, & state and state derivative, i.e= %

LF force

m mass

g constant of gravity

q,q,q generalized coordinates, velocities and accelerations
w, W generalized speeds and corresponding derivative

I,,1,,I, inertia parameters of a body

A eigenvalue)\; ; = £c means thah; = cand)\; = —c



CM

Poy

Asup
i
gbiﬂ

Jp

Py, Py
C1,Cy

P

k

d

K. BK!
D!, BD!
k1, ko, k3
kg, ka, kL
dp,dq,dr,
a

r

h

v
R

centre of mass of robot (or trunk)
projection ofC' M onto a horizontal plane
centre of pressure

support area or region

instance of a controller from a control basis
Jacobian for leg leg

joint torques for led

foot points for leg 1 and 2

ground contact point for leg 1 and 2
relative phase of leg

stiffness coefficient

damping coefficient

stiffness coefficients for leg

damping coefficients for lef

stiffness coefficients see (11.2) on page 221.
stiffness coefficients (table 11.1)
stiffness coefficients (table 11.1)
rotation angle planar rigid body (part IV)
radius (in part 1V)

height (in part 1V)

asymmetry parameter (part 1V)

asymmetry parameteR = ~r (part 1V)

a, a9, a3, a4, ay, bifurcation parameters (part IV)
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1. Introduction

This thesis is about legged locomotion in several ways,thatalso about working
with complex robot systems. Of course, walking robots artellg complicated. ..
The thesis begins with a comparative overview of controlhoéds for legged lo-
comotion, and there are no simple robots in it. The fouréehgbot WARP1 is
described next in the thesis, and there the complexity has taekled by modular-
ity in terms of mechanics, electronics as well as contralcitre and mathematical
modeling. Being able to research and test control methadd/frP1 requires ad-
vanced tools and methods and these are also described lire#ig tWith these tools,
complicated symbolic models and expressions are used foenc simulations, as
well as in the implemented robot controller, hence goingnfequation to action.
Finally the complex issue of static stability of a leggedabtvhen compliance
is included in the model is approached analytically. The glexity is managed by
working with, relatively speaking, small symbolic modelsmbined with numerical
analysis and simulations, where tools and methods fromdahea design are used.

Outline of thesis

The main contents of this thesis is divided into four partsexe | have tried to make
it possible to read the parts independently.

Part | is about walking machines in general. Chapter 2 first givesed back-
ground of walking research, followed by a more detailedodtiction to basic con-
cepts within this field. Then chapter 3 contains detaileccidgtons of different
controllers for legged machines and finally chapter 4 castan analysis and sum-
mary of these controllers, but also a discussion of leggettaiters in general.

Part 1l  describes the four-legged walking robot platform®®1, where chapter 5
describes the platform in terms of its modular structureagiér 6 then discusses

21



1. Introduction

the mathematical modeling of the robot, especially itsdrighdy model. Basic per-
formance of the robot, such as strength and speed, is deratusthrough exper-
iments. The mathematical modeling is general and not céstrito WARP1. This
is also true for the software tools and methods developeéabwiith the scale and
complexity of WARPL.

Part 1ll  describes these tools and methods in chapter 7, and chapeatans an
example demonstrating some of the tools use on a “simplé&dtroloday, in addi-
tion to tools such as CAD/CAM and tools for model derivatioantrol design and
implementation there are also tools for exporting modelsotatrol design environ-
ments, as well as from control design to implementationidrgpototyping tools).
It is however, still difficult to combine these tools, espdlgi when working with
large systems, i.e. systems with a lot of signals and passieiVe have therefore
combined, interfaced and augmented some of these toola imiethod that bridges
the gaps between automatic model derivation and contrdieimgntation. Analyt-
ically derived functions (Maple) are used for control desigimulation, visualiza-
tion, evaluation (M\TLAB) and implementation (Real-Time Workshop/xPC Target).

Part IV studies balance of walking machines when the system modeides
compliance. In chapter 9 it is shown that a planar symmedgged robot in a “stat-
ically balanced” stance on a soft surface may actually béabies Chapter 10 then
extends these results for radially symmetric “staticaiyanced” stances. And in
chapter 11, a similar analysis is also performed for leggbdts where the compli-
ance comes from the controller. The part ends with chaptewh2re these results
are summarized and discussed.

Chapter 12 also contains a general discussion related ttoegtlarts.

1.1. Thesis contributions

The main contributions of this thesis are as follows:

¢ A small number of questions/aspects are suggested thasefi@ in order to
compare different controllers for walking robots, and ttphenderstand how
they work. (Theoretical understanding)

e A detailed description of how to derive the rigid body model & general
class of walking robots. (Practical)

22



1.1. Thesis contributions

e A method where tools are combined to make it feasible workiitly large and
complicated systems with lots of signals and parametenmsactieal, control
design, analysis)

e A method that covers going from equation to action autorafiyic(Practical,
design)

e Criteria are derived for asymptotic stability of statigdbalanced stances when
the model includes compliance. It is shown that a statidadanced robot on
a compliant surface can actually fall over. (Theoreticalanstanding)

23



1. Introduction
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A study of legged locomotion
control
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Introduction to part |

This part is based on a literature study by Ridderstrom [IH6hethods used to
control walking machines. The questiontadwto study the machines is analyzed
in chapter 4, with the result that the following main quassi@re chosen in order to
understand how the control of walking machines “really” lwor

What determines a walking machine’s balance?

What determines a walking machine’s motion, as seen frontanéroller’'s
perspective?

What determines a walking machine’s support sequencethflubselection
and sequence) What causes leg phase transitions?

What, if any, “reflexes” are used?

Another purpose of this study is to give an overview of methaded to control

walking machines, as well as to provide suitable readingnéav students of legged
robots. This study is part of the effort at the Centre for Anatmous Systems [18]
to create legged robots capable of both statically and digadiyn balanced loco-

motion. As part of that effort, different control strategiand types of actuators
are investigated, while the number of legs has been fixeduoffr the research

platform WARPL.

Previous work within the centre includes surveys of the glesif mechanics
(Hardarson [62]), computer control architectures (Pssn [140]) and also the
control of dynamically balanced locomotion (Eriksson [39]

This study is broader than Eriksson’s survey [39], in theseethat it also in-
cludes statically balanced walking and tries to find commuoncjples and ideas
used for the control of walking. It also studies a few walkoantrollers in detail,
focusing on the level above control of individual actuatdrst below the level of
long rangé path- and task planning. Studies of sensors, sensor fijtena me-
chanics are not included.

Outline  The outline of this part is as follows. Chapter 2 first givesiaflback-
ground of walking research, followed by a more detailedoiddrction to basic con-
cepts within this field. Then chapter 3 contains detaileddgisons of different con-
trollers for legged machines and finally chapter 4 contamaralysis (sections 4.1-
4.2) as well as a summary and discussion (section 4.3).

li.e. more than a few trunk lengths.
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2. Introduction to legged locomotion

Animals have used legs for a long time and legged machines een around for
at least a hundred years. Todd [180] gives a nice introdadtioearly history of
walking machines, basic principles and some walking systé$ong and Waldron’s
book [174] gives a good overview of statically balanced ajk while Raibert’s
book [149] describes the design and control of his hoppihgt® These references
mostly deal with machines having four or more legs, whileusho and Sano [44]
give a review of two-legged robots, including a table of tederesearch.

Why use legged locomotion instead of wheels? Some reasergvan below:

e A US Army investigation [186] reportsthat about half the earth’s surface
is inaccessible to wheeled or tracked vehicles, whereagdhiain is mostly
exploited by legged animals.

e Legged locomotion should be mechanicalsuperior to wheeled or tracked
locomotion over a variety of soil conditions according tokBer [8, pp.491-
498] and certainly superior for crossing obstacles acogrdo Waldron et
al. [196].

e The path of the legged machine can be (partially) decoupiech the se-
guence of footholds, allowing a higher degree of mobilithisTcan be espe-
cially useful in narrow surroundings or terrain with digeréootholds [149].

e Legs can have less of a destructive impact on the terrainvihaels or tracks.
This is important within for instance forestry and agrioodt

From the assumption that legged locomotion is useful inhdegrain, applications
such as explorationor locomotion in dangerous environments like disastersarea
follow naturally.

!According to Waldron et al. [196], we have not been able taiiecthis report.
2With respect to the foot — ground interaction.
3The walking robot Dante has actually been used to exploredizano Mount Erebus [200].
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2. Introduction to legged locomotion

Now that the motivation for using legged locomotion has bgigan, let us look
at some of the problems. Designing a legged robot is far fnawiak Creating
a machine that is powerful enough, but still light enoughasywifficult. This is
however not considered in this report, instead it focusethercontrol of walking
machines. Some of the problems are very similar, or the sasibpse encountered
when controlling traditional industrial robot manipulego

e The robot kinematics and dynamics are nonlinear, difficudidcurately modél
and simple models are generally not adequate [98]. Furthrernthe dynam-
ics depend on which legs are on the ground, and might therbfoconsidered
as switching. Robot parameters (centre of mass positioouatrof payload
etc) are not known exactly and might also vary [131].

e The environment is unknown and dynamic. The surface, fomgka, might
be elastic, sticky, soft or stiff [57].

Since a legged machine has a free base, other problems agespamific.

e Contact forces, in general, only allow pushing the feet thi surface, not
pulling. This directly limits the total downwards acceléoa that can be “ap-
plied” to a walking machine.

e The system might be unstable without control, like RailsdrGpping robots [149].
Simply locking all joint angles might not be enough to achistability.

e The goal of keeping balance is difficult to decompose intaatcr commands.

¢ A legged system has a lot of degrees of freedom. Waldron §%6] argue
that, in order to allow a completely decoupled motiomer irregular terrain,
at least three degrees of freedom per leg are required. &hists in 12 ac-
tuators for a four-legged robot, compared to six for a tiad#l industrial
manipulator.

e It is difficult to estimate states of the system, such as thestational and
rotational position/velocity of the trunk as reported bygRet al. [146].

From an implementation point of view, there are also argumfan centralized v.s.
decentralized solutions.

¢ Due to limitations in computer performance or cabling, ightibe desirable
or necessary to use decentralized/distributed solutions.

4As an example, parts of the machine might have to be elaitictHe legs of the Adaptive Suspen-
sion Vehicle due to weight constraints.
®I.e. the trunk can move independently of the feet.
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2.1. Basic walking

e Time delays in the control loop amplify stability problemghich might be a
reason for using centralized solutions.

Because of the large number of actuators, problems withdauating the actuators
arise. For instance, by considering more than one foot lyigigdnnected to the
ground, we will have closed kinematic chains. Undesiredstraint forces (and/or
slipping) can occur if these chains are not considered pippe

Finally, we would like to point out that control is not alwagtdficult (or even
necessary). In fact, there are machines that can pasgkivelyby starting the system
in suitable initial conditions, typically on an inclinedogle. See for instance the
work by McGeer [115], Dankowicz [33], Berkemeier [10] antiets.

2.1. Basic walking

This section will describe some basic walking concepts afohidions, in order to
aid a novice to this field. Let us first clasSifiegged locomotion into walking, run-
ning and hopping. There are several definitions of thesesterrthe literature. One
way to differentiate between walking and running is to useveedsionless measure
such as the Froude numberAnother is to say that running is legged locomotion
with flight phases. However, we will use the terms walking amthing rather inter-
changeably, but use hopping to mean locomotion with onipn@at) instantaneous
support phases, i.e. really a bouncing motion such as usdRlatert’'s hopping
robots [149].

Next some basic terminology will be described (section,Xdowed by def-
initions of gaits (section 2.3). Then static (section 2.4J aynamic balance (sec-
tion 2.5) is discussed, followed finally by a discussion dfitee of pressure (sec-
tion 2.5.1) and zero moment point (section 2.5.2).

2.2. Terminology

The terminology within the field of walking robots has boremvfrequently from
the fields of biology and biomechanics. The wdratdyis often used in the litera-
ture to describe the major part of a robot. However, in thiorethe termtruni® ©

5This study ignores locomotion methods such as jumpingiteapertical clinging and brachiation.

"The Froude numbeis “—2 whereu is the locomaotion speed, is the acceleration constant ahds
the distance from the ground to the hip joint. See Alexandkfdr an example of how it is used.

8The wordtrunk means the human or animal body apart from the head and appeEn22].

9The trunk is not always one rigid body, e.g. the robots TITAN®0] and BISAM [11].
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2. Introduction to legged locomotion

will be used instead, since from a rigid mechanics point efwia robot typically
consists of several bodies. Thagsare attached at thaps of the trunk and the legs
can sometimes be describedaaticulated An articulated® leg can kinematically

be described as links connected by individual revolutet$oid pantographmech-
anism is often used asgravitationally decoupled actuatdi72] (GDA) in gravity
decoupled walking robotEL28], where the actuators are used either to propel the
machine, or to support its weight. There are of course ot of legs and actu-
ator mechanisms, like linear joints or direct mechaniastdges between different
sets of legs [200]. Théeetare attached to the legs and are used to walk on the
ground-t,

Depending on the number of feet different terms are usedasitionopodone
foot), biped(two feet),quadrupedfour feet),hexapodsix feet) andoctapod(eight
feet). To describe directions and locations, the followtegninology is used within
this report.

e Theground reference frameV, (or ground frameor short, figure 2.1) is the
inertiaft? frame fixed with respect to the ground. Usually, the first twesa
n; andns,, lie within thehorizontal planewhile the third axisng, is directed
upwards, i.e. opposite to the field of gravity.

e Thetrunk reference frame3, (ortrunk framefor short, figure 2.1) is the frame
fixed with respect to the trunk, usudifyat the trunk’s centre of mass (CM).
Assuming a standard orientation of the trunk, the first akis, is directed
forward, the second axiby, directed to the left and the third axls;, directed
upwards.

e The termanterior means situated before, or toward the front and the term
posteriormeans situated behind.

e The termlateral meansof or related to the sideand hencépsilateral means
situated on the same side, whereastralateralmeans situated on the oppo-
site side. A lateral direction means sideways, hgin figure 2.1.

e The termsagittal plane(or median plang denotes the plane that divides a
bilateral animal (or machine in this case) into equal lefi aght halves, i.e.
the plane is normal tbs.

e Thelongitudinal axisis the axis going from the posterior to the anterior, i.e.
the forward axis of the machind{( in figure 2.1).

The term articulated is used in other ways too, but this is traterm is used within this report.
1The contact between a foot and the ground is often modelladsaint contact.

12This is strictly speaking not an inertial frame since theteas rotating.

130ther options are the machine’s centre of mass or the trigidsnetric centre.
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2.3. Déefinition of gait and gaits

Trunk frame
and trunk

B

Figure 2.1: lllustration of the ground and trunk reference frames.

e Cursorial means “adapted to running” [122] and will in this report bedis
to denote a leg configuration similar to standing with straiggs, thus mini-
mizing the hip torques.

e The termattitudeis used to describe the roll and pitch angles of the trunk,
while orientationis used for all three angles of the trunk.

e Postureis used in several ways in the literature. One use, as defmed i
dictionary [122], means

the position or bearing of the body whether characteristia
sumed for a special purpose <erect posture>.

However, if not otherwise specified, it will in this reportrage

the attitude and height of the trunk.

2.3. Definition of gait and gaits
A gaitis, according to Hildebrand [65]

A manner of moving the legs in walking or running.
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2. Introduction to legged locomotion

Another definition (used by Alexander [5] in his studies oftebrate locomotion at
different speeds) defines gait as

. a pattern of locomotion characteristic to a limited rg speeds
described by quantities of which one or more change distootisly
at transition to other gaits.

As an example, guadrupedal mammals typically change battiesgaits walk, trot
and gallop when they increase their speed. We will use ther ldefinition in this
study. It is not very specific, but a more mathematically geexample of a gait
definition is given later (p. 36).

The leg cycle During walking and running, the individual legs typicallyore
cyclically and, in order to facilitate analysis and/or qohtthe motion of a leg is
often partitioned into the following two phasés

e During thesupportphase, the leg is used to support and propel the robot. The
termspower strokeandstanceare also used for this phase in the literature.

e During thetransferphase, the leg is moved from one foothold to the next. The
termsreturn strokeor swingare also used for this phase in the literature.

Hildebrand, McGhee, Frank and others introduced a paraizatien based on this
partitioning to describe the locomotion. The definitiongyvaomewhat between
authors and are defined below as they are used in this papeyr.afé mostly useful
for periodic locomotion patterns, such as when all legsguerfthe same motion
but with some phase shift. The parameters will vary as spbadge, but even
with a constant speed there is a natural variation in thesgnpaters for animals
(Hildebrand [65]). Alexander [4] claims that for sustaingdits, the variation is
“nearly always” quite small.

e The posterior extreme positioPEP) is the transitid® from the support
phase to the transfer phase.

e Theanterior extreme positio(AEP) is the transition from the transfer phase
to the support phase.

14The motion of a leg can of course be partitioned in other whysinstance into the four phases:
footfall, support, foot lift-off and transfer.
BIntending either the position at the time of phase changbeattual event.
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2.3. Déefinition of gait and gaits

Trot Pace Gallop Crawl gait
LF LF LF f— LF
RF RF RF RF
LR LR LR LR
RRF—— RR —RR — |RR

Figure 2.2: Gait diagram of the gaits: trof3(= 0.5); pace (3 = 0.5); rotary gallop
6= 1—56); and crawl = 0.75). LF, RF, LR and RR stands for left front, right front,
left rear and right rear respectively.

e A gait diagrant®is used to illustrate the phases of the different legs as@ fun
tion of time. Figure 2.2 illustrates this, where the solidel indicate the
support phase.

e A support pattern at a time is the two-dimensional point set created by
the convex hull of the projection of the supporting parts tef feet onto a
horizontal plane. (Modified from Song and Waldron [174])

The support area(denotedAy,,, in this study), is the interior and boundary
of the support pattern. Sometimes the support pattern sligitly incorrect)
be referred to as thsupport polygon This usage stems from the idea that
a contact between a foot and the supporting surface is nwb@dalea point
contact.

A conservative support polygda a support polygon where any supporting
leg can fail without causing the machine to fall ( [128]).

e A stepis the advance of one legtep cyclehe cyclic motion of one leg and
step lengttthe distanc¥ between two consecutive footholds of one leg in a
ground frame.

Hirose [72] defines a step as the interval from one footfatil time following
footfall (not necessarily of the same leg).

e A stride consists of as many steps as there are legs, i.e. typicaily leg
completes a cycle of motion and th&ide lengthof a gait is the distance the
trunk translates during one stridstride durationis the duration of one stride
and the locomotion velocity of periodic locomotion is simtride length
divided by stride duration.

18The gait diagram was first used by Hildebrand [65] accordin§dng and Waldron [174], but we
have not been able to find that term in that reference. How#weas most likely Hildebrand that
introduced the diagram.

Y1t is assumed that there is no slipping.
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2. Introduction to legged locomotion

e A duty factor(typically denoteds) describes the percentage of a step cycle
(in time) that a leg is in the support phase.

e A relative phase of leg (typically denotedyp;) describes the leg’s phase with
respect to a reference leg.

McGhee [116], Kugushev and Jaroshevskij [95] and others @dg the two-phase
partioning to mathematically defirgait. Gait is defined as a sequence of binary
vectorsq', ¢°, ..., ¢", whereg! indicates the phase (transfer or support) of/lefp
include time into the description of locomotion, tH& component of theluration
vectordescribes the duration of state The gait is thus defined by the sequence in
which the legs change phase, i.e. tbg sequenceln this study, the ternsupport
sequencés used to mean the leg sequence as well as the support pattern

We will now describe a few more periodic gaits, in additiontrat, pace and
gallop (figure 2.2).

e In thewave gait®, the footfalls begin on one side at the rear and proceed like
a wave towards the front. For each leg, the laterally paiegdd exactly half
a stride cycle out of phase (Song and Waldron [174]).

e Thecrawl gait'® is the wave gait for a quadruped, but a quadruped can start
walking with any leg (figure 2.3).

e Thecrab-walkinggait is a walking motion, with the direction of locomotion
different from, or equal to, the longitudinal axis of thertku The angle be-
tween the longitudinal axis and the direction of motion is tnab angleq,
wherea = 0 corresponds to walking straight forward (Hirose [72]).

e Theturning gaitis a steady circular walking movement, where a point on
the robot rotates around a (fixed) turning centre. A turniegtie located at
an infinite distance corresponds to crab-walking, whileraifly centre close
to the trunk’s centre of mass corresponds to turning on tio¢ @fiirose et
al. [67]).

e The creeping gaitis a gait where at most one leg is in the transfer phase
(Tomovic [181] according to McGhee and Frank [117]).

e Thetripod andtetrapod gaits(figure 2.4) are commonly used by hexapods.
In the tripod gait two sets of three legs each are moved reglyatOne could

Bwilson [201] (according to Hirose [72]) reports this to be #tandard gait of insects. Wave gaits
are optimal in the sense that a static stability margin, se@éxt section, is maximized.

¥Muybridge [127](according to McGhee and Frank [117, p.33@ports this to be the typical gait
used by quadrupeds at slow gaits. McGhee and Frank [117]eshtivis to be an optimal statically
stable gait for quadrupeds.

36



2.3. Déefinition of gait and gaits

t=0 t=0.25T ' H

| | t=0.75T
RR -

Figure 2.3: lllustration of support sequence for crawl gait with cydlae 7', where
LF, RF, LR and RR stands for left front, right front, left resard right rear respectively.

consider it an analogy to the trot for a hexapod. The tetrayaitds also used
by animals and machines with six or more legs. Typically itseise the
tetrapod gait at slow speeds and the tripod gait at highexdspe

In really rough terrain, cyclic gaits are not suitable and filee gait (Kugushev

and Jaroshevskij [95]; McGhee and Iswandhi [118]) is usetead. The support
sequence is rarely periodic and a recent paper by Chen ét%lcpntains a nice
overview of how free gaits can be generated.

e Thefollow-the-leademait, is more of a strategy for leg placement than a gait.
Posterior feet are placed closed to, or a the same posit®itheaanterior
foothold. This way, all but the front legs use footholds thate already been
used (Song and Waldron [174]).

e Discontinuous gait@re used in very irregular terrain and are named so be-
cause the trunk motion is very discontinuous, because ardyleg is moved
at a time. (Gonzales de Santos and Jimenez [34]).

37



2. Introduction to legged locomotion

Tripod gait '
::1 — : Walking direction
2 ] e
Ly —— - TN
R, ' ST
R, . L P D
Rs
0 T 2T 277
Tetrapod gait
R, : —
R, :
Rs i
L, f— :
L, .
L, : —
‘0 T 2T

Figure 2.4: Gait diagrams of tripod gait and tetrapod gait.

2.4. Static balance

The early work (and recent work too) on stability analysiswased on the posi-
tion of the robot’s centre of mass (robot C#l) In this study, Py, denotes the
two-dimensional point obtained by projecting the CM ontcoaizontal plane. The
first? definition by McGhee and Frank [117] deals with locomotioeioa horizon-
tal plane, using aideal legged locomotion machinee. the trunk is modeled as a
rigid body, the legs massless and able to supply an unlinfiitiexd (but no torque)
into the contact surface at the feet’s contact points.

An ideal legged locomotion machine sgatically stable at time if all
legs in contact with the support plane at the given time ranmatontact
with that plane when all legs of the machine are fixed at tloations
at timet and the translational and rotational velocities of the ltewy
rigid body are simultaneously reduced to zero.

McGhee and Frank then showed that their definition is egeitatio the condition
Py € Agyp. From this condition, they define tistatic stability margin at a time

20The trunk’s centre of mass is often used instead of the emtiret’s centre of mass.
21 e. the earliest defintion found by the authors of this paper

38



2.4. Static balance

t, as the shortest distance frafa,, to the support polygon’s boundary.

Song and Waldron [174] defifethe gait longitudinal stability margin(over a
stride of a periodic gait) to the be minimum of the distangesnfthe Pc,, to the
front and rear boundaries of the support polygon. From tiey define the static
stability of a gait:

A gait is statically stablef the gait longitudinal stability margin is pos-
itive, otherwise it isstatically unstabl§Song and Waldron [174]).

However, in this report a gait will be said to be staticallgtde if the static stability
margin is positive at all times during the locomotion, ilee tondition [76]

Ponm(t) € Asup(t) Vi

is satisfied. Furthermore, the tersistic balanceandstatically balanced gaiwill
be used instead of static stability. We wish to emphasizeusigeof the condition
as a strategy to maintain balance (or a constraint on theomgjtin order to avoid
falling over?s,

With a static balance requirement, at least four legs aneined| for locomotion
if an ideal legged locomotion machine is assumed. For a gpad:, this greatly
reduces the maximum speed (compared to a trot gait for iosfaonsider the fol-
lowing reasoning, similar to one by Waldron et al. [196].sF&ssume that moving
the legs vertically (including any footfall bouncing) takeo time. Then assume a
creeping gait, a constant trunk velocity,,..., and a maximum velocity of the foot
with respect to the trunl{/leg. Letd denote the distance that the trunk translates dur-
ing one step. This is also the distance that the leg must heféaed with respect
to the trunk during the transfer phase. Then we have

d = ﬁTV;trunk

for the support phase of the leg and

d = (1 - ﬁ)TWeg

for the transfer phase, whefeéis the step time. This gives us the following relation-
ship:
1—0-
Vvtrunk < —Weg

g

22They only consider tipping over a lateral axes.
Z0ther criteria are also used to avoid falling over; Hirosalef74] for instance compare different
energy based criteria. However, they are beyond the scoisafurvey.
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2. Introduction to legged locomotion

For a quadruped, static balance puts a limit on the duty fagte> 0.75, resulting
in

Compare this to a trot gait witly = 0.5 where the trunk velocity would be
limited as:

V;frunk < Weg

This is of course one reason not to use static balance. Anothson, given
by Raibert [149], is that mobility would improve, partly dte reduced foothold
restrictions. Yet another drawback is that static balasaanly valid as a criterion
to avoid falling over for a system that is not in motion. As amample, consider
what would happen if a robot that walks very fast suddenlpstdt would tip over
due to the inertial forces, even thougl s € Asyp up until the robot has tipped
over. However, falling over a bit is not necessarily bad atiales. Hirose and
Yoneda [76] suggest the concept ofafe walk to be a walk where, if all joints are
suddenly frozen, the system still ends up in a (staticaligble equilibrium. This
concept does not imply a statically balanced gait, sindimfpis allowed as long as
the system ends in a safe configuration. Note also that adtgtbalanced gait does
not imply a safe walk, as illustrated by the tipping examide\e.

2.5. Dynamic balance

When a system does not use static balance, it should mamtiinamic balance
where the compensation of tipping motions takes place awer. tDynamic balance
is also referred to aactive balanceor dynamic stabilityin the literature [149]. In
general the termdynamic stabilityseems very loosely interpreted within the “walk-
ing community” and alynamic gaitis often any gait that is not statically balanced
at all times, i.e3t during the motion such thdtcs(t) ¢ Asup(t).

Hirose [76] points out that a statically balanced gait cande arbitrarily slow
and defines dynamic wallby writing:

Under dynamic walk, the robot will begin to fall and will beabie to
walk as planned when the walking speed is reduced to a leghlthat
the dynamic effect of walking can no longer be expected.

This emphasizes the importance of the dynamic effects. Rvatacally balanced
gait, we could express this mathematically as follows:
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2.5. Dynamic balance

For a statically balanced gait with joint motion& ), the joint motions
q(et), 0 < e < 1 should simply result in a slower version of the same
gait.

Consider the trot gait for instance, where slowing down thiatjmotions would
result in a completely different type of walking.

Another kind of criterion for a walking system to Hgnamically stable at a time
t is suggested by Kanik and Kralj [24], where the system is said to be dynamjcall
stable if it can stop in a statically stable configurationhwitt changing the support
polygon.

Vukobratovt et al. [193] suggest defining stable locomotion systetoy di-
viding the stability into three typé& orientation and height stability(trunk) path
stability andstationary gait stability They emphasize that any definition of stabil-
ity depends on a concept or a class of disturbances. Examiftisturbances used
by VukobratovE et al. are external force disturbances and parametertigasan
a finite time period. They argue that since legged locomasamaturally cyclié,
these disturbances can be considered as variations initta @onditions for the
next cycle.

Vukobratovt’s definitions were given for a biped on a horizontal smoath s
face, but have here been modified to include a more geneml cas

e The orientation and height is considered stable if therst®x closed region
R, which encloses the undisturbed trajectory of the threentation angles
and height, such that if disturbed by a disturbatiee®, the trajectory returns
to the regionR as time goes to infinityD is a class of disturbances.

To define the path stability, some kind of nominal trajectofyhe C M must exist.

e The path of the trunk is considered stable if dverage velocity vectaeturns
toward its original direction and magnitude after a distumted € ©. The

average velocity vector is
1 T
Vo 1= ?/0 vot

whereT is the period of a complete cycle.

Z%Jukobratovt et al. used the terms posture stability and body path &tatbilit these were changed
for consistency.

2By which Vukobratowt et al. mean that specific characteristics (defined fromtcas®se) in general
tend to repeat.
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2. Introduction to legged locomotion

A stationary gaitis characterized by the following factors (defined/caltadaover
a stride) being constant: average forward velocity, stedgth, relative leg phases,
duty factor and stride duration.

e A stationary gait is considered stable, if the characierfattors of the undis-
turbed system (represented as a point) lie within a volume jifaafter a dis-
turbance, the characteristic factors returns and remath&wthat volume.

2.5.1. Center of pressure and dynamic stability margin

The concept of static stability margin as a stability indesn be directly extended
to include dynamic effects by using tkentre of pressurastead ofPq ;.

The centre of pressurél-p, is defined as the point on the supporting
surface given by the intersection of the supporting surfaue a pro-
jected line from the system’s center of mass along the dinedf the
resultant force on the system (Lin and Song [108]).

Thedynamic stability margircan then be defined as the minimum distance between
Pcp and the boundary of the support pattern. Alternatively,ait e defined as
follows [108]:
Sq = min L
¢ g
whereW, = mgystemg iS the weight of the robot and/;, the resultant moment
about thei:th border is calculated as

M; = e; - (Fo x r%Fi 4 M)

whereF,. and M, are the resultant force and moment. The unit veetopoints
clockwise along the:th border and-“"* is a vector from the systems centre of mass
to any point on theé:th border. Whenl/; is negative, this corresponds to a moment
that would tip the robot.

Note that there are other ways to define the center of presByr@ssuming that
L contact points lie in a horizontal support plane, the vefitum the origin to the
center of pressure can be defined as follows

L i OP;
S (Fipg ms) v
L i
Zizl and 13

wherer©” is a vector from the origin to theth contact pointF;n 4 Is the force ap-
plied to the machine at theth contact point. This is actually an alternative defimitio
of theZero Moment Poin(ZMP).

rOFcr —
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2.5. Dynamic balance

2.5.2. Zero Moment Point

The ZMP was introduced by Vukobratévand Stepanenko [194, 195], where they
suggest using the ZMP as a tool to plan motions. Following ksad, Shih et
al. [168] (20 years later) use the ZMP as one of several @iterverify that their
biped’s planned trajectories are physically realizabknduthe single support phae
They define the ZMP as follows below, assuming a horizontapett plane.

The ZMP, i.e. the vector from the origim,OZ, and the corresponding
moment,M 7, p, are defined through the following equations:

M
r9% x Z F.+Mzup =

i—1
Mzup -np =

(r9¢ x Fi + ML)

M=

1

Mzyp-mny =
07 .

ng =

wherer©%i is the vector from the origin to thieth rigid body’s centre of
mass.F! is the (translational) inertial and gravitational forcerfr the
i:th rigid body motionF: = —mign, — miNazng". M. is the rota-
tional inertial force from thé:th rigid body motionMg = —%,
whereJ? is the inertia dyad for thé&th rigid body and¥w’ is the angu-
lar velocity of thei:th rigid body with respect to the inertial coordinate
system/N. The solution can be written explicitly in for instance the

inertial coordinates (Shih et al. [168]).

Shih et al. [168] use the criterion that the ZMP must belonthtosupport area at
all times, for the planned motion to be “stable”. A problenttwihis definition is
that it assumes that all contact points lie in a horizontahp| which in general is
unlikely when walking on irregular terrain. Takanishi anuinl[178] solve this by
introducing differentvirtual surfaces In their control of the biped WL-12, they
plan compensating trunk motictigo ensure that the ZMP will be within the virtual
surface, similar to the method used by TITAN IV and TITAN Vestribed later in
this paper.

2During thesingle-support phasga biped is supported by one leg only.

2"Jukobratove and Stepanenko [194] basically suggested this idea wdy ibat972. They used
biological data to fix the leg motions, and then used an algorito calculate the compensating
trunk motions in order to specify the motion of the ZMP.

43



2. Introduction to legged locomotion

2.5.3. ZMP and stability

There are sometimes references in the literature indgdtiat keeping the ZMP
within the support area will guarantee a stable gait. Thimdkrectly discussed
by Vukobratove and Stepanenko [194]. They assume that all joints willktihe
planned trajectories perfectly and can then calculate thgnitude of disturbances
that can be tolerated by the system (assuming a simplifiecthdd principle, this
corresponds to the stability of a four-legged chair thaittisd. If it is given enough
energy, it will fall over, if not it will fall back. The same asoning approximately
applies to the walking system, except that all joints aremesl to track their desired
trajectories perfectly.

2.6. Miscellaneous joint and leg controller types

There are a lot of different control methods (position colyfiorce control, impedance
control etc) used as subparts within the controllers fokimgl machines. A few of
them are listed below with references to where to look foramtmtailed information.

e Position controlwill be used to denote any method to track a reference po-
sition or trajectory. It will sometimes also include traoginot only of the
position, but also of a velocity reference. Very often, dienp- or Pl-control
is used for position control.

e Impedance controlposely put, means not only controlling the position (of a
foot for instance), but also its dynamic behaviour. Seeristance Tzafestas
et al. [184] for an example of impedance control, or Hogam'e¢ articles on
impedance control [78, parts I, Il and I11].

o Artificial Neural Networkg ANN) includes a large variety of control methods.
For a good book on the subject, see Haykin [64].
Cerebellar modeled articulation controllgfCMAC) is one example of an
ANN that Lin and Song [109] use for hybrid position/force tohof a quadruped.
Kun and Miller have also used it for their UNH Biped [98, 99].

There are other methods such as stiffness control, dampimigot, combined stiff-
ness and damping control etc, that Lin and Song [109] comjmatkeir CMAC.

Even more methods, such as fuzzy control etc are used inngatiantrollers, but
are beyond the scope of this survey.
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3. Controller examples

The next sections will describe a few examples of legged mashand describe
how they are controlled. These examples were chosen aftéfabrvey of a lot of
legged robots, so as to try and cover a broad spectrum ofatqmrtnciples. How-
ever, there is no guarantee that this was achieved, and tampqrinciples such as
those used by hopping robots are not described in detailadahere any examples
of robots controlled by neural oscillators or ANN’s for iaste, only an example of
a simulated robot (section 3.4). One practical criterissfdecting these groups were
that there should be a reasonable level of information avks| which is not the case
for all robots (consider the Honda Humanoid robot for insgn

For each example, we have tried to include some informatimutathe robot
(e.g. physical properties), since we believe this to bevagleto the control. How-
ever, the main purpose of each example is to explain theiptascof the controller
and give a reasonable level of detalil.

The first example (section 3.1) describes the controllerthife robots (TI-
TAN lll, TITAN IV and TITAN VI from Tokyo Institute of Technobgy), since
their control architectures are very similar. The conéndlare mainly delibera
tive, but vary from using pure position control (TITAN lliptpartial force control
(TITAN VI).

The second example (section 3.2) describes the contraifetisree different
robots (The ASV from Ohio State University, and Ralphy andPS#ym Laboratoire
de Robotique de Paris) that use very similar control priesipThese controllers are
also mainly deliberative, but the motion could be consideteven by the desired
acceleration of the trunk.

The third example (section 3.3) describes an example of ach{iEDS con-
troller of the robot Thing from University of Massachuseftdis is an example of
a reactive controller.

The final example (section 3.4) describes the biologicalpired control of a
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3. Controller examples

simulated stick insect. This work was done at the UniversitBielefeld. Although
no specific robot was used with this controller, the ideasrakethis controller have
been used by others.

Note that the terminology has sometimes been changed veitfecéto the orig-
inal references in order to achieve a more consistent qiieri
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3.1. Deliberative controllers |

b) Titan VI c) Titan VI

Figure 3.1: The robots TITAN Il (a), TITAN IV (b) and TITAN VI (c) [77].

3.1. Deliberative controllers |

This section will describe three examples of hierarchidaljberative controllers
and a posture control algorithm for rough terrain. ThesesHasen developed at
the Tokyo Institute of Technology, in the Hirose and Yoned# land used with the
quadruped robots TITAN 111 [68], TITAN IV [71] and TITAN VI [®] [70].

The robots (figure 3.1) are actuated by DC motors and havet dbBuneter
long legs that are based on GDA-principles. They do howeiftardn mass and
kinematics; TITAN Il weighs 80 kg, TITAN IV weighs 160 kg anfiITAN VI
weighs 195 kg. TITAN VI also has a linear joint in the trunkloaling it to better
ascend steps. Furthermore, its feet have elastic paddirgefter performance on
irregular surfaces.

Since the more recent controllers were based on the oldesbtler, they have
a common structure that is described below. Therefore, thdydetails that sepa-
rate the controllers will be described in the following $&as$. The oldest controller
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| |
Level A ! Navigation (Human operatory— — I__ong range :
Lo I ______ | L _ Visual sensor_ |
. . . | Shortrange |
— —
Level B Intelligent gait generation 1  visual sensor |

< Emergent motion
generation -
collision avodiance

Robot Sensors T
obo (tactile etc)

Figure 3.2: Overview of deliberative control structure of TITAN robots

Level C Gen. of reference signals

(section 3.1.1) only achieved statically balanced walkirith TITAN Ill, whereas

the other controllers (section 3.1.2 and 3.1.4) achievedhahjcally balanced walk-
ing with TITAN IV and TITAN VI. The latter robot has also beersed with the
postural control algorithm (The Sky-Hook suspension,isac3.1.3).

The common structure

The main idea in these controllers is to combine feed-fodweith feedback. Ref-
erence trajectories and/or gait parameters (feed-folvaedgenerated and tracked,
and another (feedback) part copes with unexpected evesityy(teflexes) and ter-
rain roughness. However, Hirose et al. found that simpleresfce tracking alone
could achieve statically balanced walking [66] and everagyically balanced walk-
ing [71].

Figure 3.2 illustrates a common structure of the contrs]lerhere the dashed
blocks represent a vision system, that was originally assuto be available by
Hirose et al. [66]. It was supposed to provide the contralligth information about
terrain type and height etc. Later, Yoneda et al. [209],estabat there (in 1994)
were no such vision systems available and emphasized tleforea feedback part
for rough terrain (such as the Sky-Hook suspension alguarigection 3.1.3).

The control structure is hierarchical with three levels:

e Level A performs global path planning, giving directional commanesult-
ing in a global path command, but the robot is only requireidliow the path
approximately.
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3.1. Deliberative controllers |

e Level B is an “intelligent gait control system”. This level perfosrtwo major
planning tasks intermittently:

— The global path is modified based on a local terrain map todasot
pass obstacles, producing a local path (reference) foruiné.t

— The gait is planned by determining parameters such as wha(s)l to
swing, footfall position(s) and the trunk’s translatiordaotation during
a step. Planning is done for the next step during the current steg, a
assumes that the current plan will be accurately executed.

e Level C generates/tracks reference signals and generates emergetions
(i.e. reflexes). Itis implemented as a sampled system armitgcontinu-
ously.

— The emergency motions block handles reflexes for eventsasiatfoot
striking an obstacle, by assuming command of the system(o#tiler)
motions are suspended until the situation has been resleeduntil
the foot has been lifted over the obstacle).

— The planning is based on accurate execution of the currept $there-
fore, an “irregularity absorbing gait” is used to ensure aeaxt footfall
(position), i.e. the other levels of the controller waitadcessary.

The next section will describe the controller for static kirad) in more detalil.

3.1.1. Statically balancing controller

This section describes a controller that executes thecaligtibalanced “standard
crab-walk gait”. Figure 3.3 illustrates the architecfusnd contains more of the
details in levelB andC than figure 3.2. The gait will first be described briefly and
then how the controller works.

The gait

The “standard crab-walk gait” is a combination of a free gaitl a crab gait. A
step is here defined [72] as the time interval between twoemrise footfalls. The
algorithm that generates the support sequence selectexhéransferring leg and
foothold target in each step. If possible, it selects theettpsequence of the crawl

The exact definition of a step depends on the type of gait imeiged, see the following subsec-
tions.
2See the reference [66] for details.
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| |
Level A ! Navigation (Human operatory— — 7 ITong range :
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( ) Sensors
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Figure 3.3: Controller for a statically balanced gait, see section13fdr. details.

gait. See the references [72] and [66] for details about therithm. This algo-
rithm was later extended by Hirose and Kunieda [73] to rembeeequirements of
prismatic leg workspaces and horizontal attitude.

The robot’s orientation is fixed in the “standard crab-wadit’y but Hirose et
al. have added turning through the use of the “standardlairgait” [67].

How it works

Level B is executed once during a step to plan for the next step. A#aerating
the local path by modifying the global patB{(), the gait is first plannedX2) and
then used to determine the parameters for the refereneetweps (3). Level C

generates and tracks the reference signals.

Horizontal gait planning The horizontal gait planning algorithm uses the feet's
initial position, crab-walk angle, duty factor and infortioa about leg workspaces
to:

1. Determine which leg that will be transferred next, by deg if the standard
leg-sequence of the crab gait can be used. Otherwise, thétlethe longest
possible transfer distance is used
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3.1. Deliberative controllers |

2. Determine the CM shifting distance during initial foegbed support phase,
under a static balance constraint.

3. Determine the CM shifting distance during the three-dshgupport phase,
under a static balance constraint.

4. Determine the next foothold of the transfer leg. Care ig i@ken to select a
foothold that does not cause dead-lock later on. Map inftionas also used
to exclude candidate footholds.

Vertical gait planning The vertical motion is planned as follows:

1. The (supporting) front feet are used to estimate theiteneight for the inter-
section point defined by the intersection of the line coringahe front feet
and the (planned) horizontal CM trajectory.

2. The desired height at the next step switching point is linearly interpolated
from the current height and the necessary height over teesittion point.

Trajectory and velocity planning The planned trunk velocity is first reduced
if necessary. Then the horizontal velocity of the trangfgrteg is determined based
on the time it takes to raise the foot (assumes maximum aést@ocity). The time
that should be spent in the up, transfer, down and supposegtare also calculated.
More detail about planning transferring leg trajectorieas ®e found in reference
[210].

Level C Level Cis a sampled{ = 50 Hz [66]) controller, that tracks foot ref-
erence positions using P-controllers. The horizontalresfees are calculated by
integrating the (velocity) parameters from levelnd different parameters are used
for each phase. To eliminate drift over several steps, thasared foot positions are
used as initial values for the integration at the beginnihgaah step.

The vertical reference for the transfer foot is calculatigdilarly, but the ref-
erence height for thg:th supporting foot at sample timeAt, z¢, is calculated
according to:

24 = 27" (nAt) + 27 (nAt) — 27" (nAt) +
C1(=z]"(nAt)0), + yi" (nAt)0,) +
CoAz
wherez;.”(nAt) is the average measured supporting leg height,zfj*\todAt) is the

integrated desired vertical body velocity (initializedtlwk;?l(o)). Thus,zj(t) gives
the desired body height with respect to the average heidte tdrms on the first row
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3. Controller examples

adds a vertical component that is common for all feet, i.e.dbsired trunk height.
The second row corrects for the trunk’s rdl, and pitch,,,, where the measured
horizontal foot position comes frond andy’". Finally, the third row is only added
when a supporting foot accidentally loses contact with ttoeigd.

Emergency actions  The emergency actions are performed as follows (details
in the reference [66]):

¢ If a transfer leg hits an obstacle, the robot stops all metiand performs a
retract-and-elevate reflex. Normal motions will resumééf keg can pass the
obstacle while moving forward slowly (and upward if a prokyndetector
indicates an obstacle). Otherwise, the estimated obspasidon is mapped
as prohibited and a search for a new foothold (in lei¢lis done before
normal operation resumes.

e If a transfer leg does not achieve footfall at a desired irtsthe trunk motion
stops immediately and the transfer leg descends verticdléyfoothold still
cannot be found, this position is mapped as prohibited amdiachk for a new
foothold is done before normal operation resumes.

e If a foothold at footfall is found to be unstaBlethe corresponding area is
mapped as prohibited and a search for a new foothold is ddieecbeormal
operation resumes.

The next section will describe a modified version of this caligr that allows dy-
namically balanced walking.

3.1.2. Dynamically balancing controller
— The expanded trot gait

To achieve dynamically balanced walking, Hirose et al.odtrced the “expanded
trot gait” and a modified controller [71]. The gait will firsebdescribed briefly
(details in the reference [208]) and then how the contrallerks.

The gait

The “expanded trot gait” is designed to combine the advastadthe statically and
dynamically balanced walking. Here a walking cycle cossigttwowaves where
a wave is the time interval from the lifting of a forward foattil the placing of the

3E.g. the contact sensors on the foot indicate that it is dose edge.
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3.1. Deliberative controllers |

| Time

Figure 3.4: Diagram illustrating a “wave” in the expanded trot gait.

diagonal (rear) foot. There is always (at least instantasigd a four-legged support
phase when a wave ends and the next begins, as illustrateplie fi.

Hirose et al. emphasize [71] that this is a safe walk, i.e. d@gsecthe robot
stumbles, the feet can immediately be set down and the émgeld phase resunfes

How it works

Figure 3.5 illustrates the controller for the expanded ¢gait. There are three major
changes:

e The local path generatiom3{) produces a desired velocity in addition to de-
sired body position and re-planning is done after a spedstaxce.

e The gait planning B>) is executed once for each wave, planning one wave
ahead of time. It is now based on the expanded trot gait anstattie stability
criterion is not used, instead the body motion is now plan(dgd to maintain
dynamic stability using a ZMP criterion.

Horizontal gait planning The current segment of the commanded local path is
approximated as a straight line, corresponding to a wawkttenhorizontal motion
is then planned:

1. Select the next leg to be transferred.

“There is of course no guarantee that it will not tip over, @ligh it has all feet on the ground.
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Figure 3.5: Controller for the expanded trot gait, details in text.
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Figure 3.6: Planned trunk trajectory, details in text.

2. Do a map search for the next foothold. The start positiothefsearch is
determined from the following data:

e The planned trunk CM position at the time of the next wave cwit
e Leg workspaces
e An estimate of the duty factor based on the commanded lo¢al pa

3. Determine trunk position at the next wave switch usingpiteviously deter-
mined foothold.

4. Determine the velocity and (precise) duty factor basetherocal path.

Vertical gait planning The vertical motion planning is done as described in the
previous section.

Level C — continuous gait planning Level C4 plans a continuous leg trans-
fer trajectory and a trunk trajectory that maintains the 2ZMEhin the support pat-
tern (or on the diagonal support line during the two-leggeppsrt phase) [208].
Figure 3.6 illustrates a planned trunk trajectory, whereheaave is divided into
two statically balanced phases and one dynamically batbplase. The following
parameters are required for planning:

e The wave start and end times.
e The duty factor and duration of phases.
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e Orientation, position and velocity of the trunk CM at therstd the wave.
e The desired heading in the first phase of the following wave.
e The desired CM velocity and footholds at the end of the wave.

The acceleration along the commanded straight line is anohsluring a wave and
the orthogonal acceleration can change continuously toralathe ZMP. Dynamic
effects of leg motions are neglected.

The velocity in the y-direction (see figure 3.6) is chosendacbnstant during
the statically balanced phases and a slight velocity dismaity is allowed during
wave switching (i.e. when in a four-legged stance). To dateuthe trajectory, y-
acceleration is planned so as to maintain the ZMP on the sulipe. The resulting
trajectory is calculated in local coordinates (X,y), tfanwed to a ground frame and
finally to a trunk frame.

A side-effect of neglecting the dynamic effects of leg moetiovas that this
caused unwanted trunk oscillations [207]. The algorithnthi@ next section, is
useful to suppress these oscillations, but also to supgressd disturbances, i.e.
an inaccurate terrain map.

3.1.3. The Sky-hook Suspension

This section describes how the Sky-hook Suspension dhgoritrovides active sus-
pension to suppress ground disturbances. It implementst@alispring/damper
system that “suspends” the trunk in an ground referenceefyday modulating the
vertical leg forces.

The goal is to minimize trunk oscillations in a dynamicalgldnced walk, using
a combined feedback and feed-forward algorithm:

1. Plan a suitable desired (feed-forward) leg force, assgmo disturbances.

2. Modify the desired force (feedback) to maintain the aabirunk orientation
and height.

Each leg is force controlled in the vertical direction dgrthe support phase and po-
sition controlled during the transfer phase. Switchingusen the two control types
is activated by foot force sensors (and leg height threshimldvoid chattering).

The desired vertical forcd; s for leg!, is calculated directly from the desired
trunk torque and vertical force in the two- and three-leggtathces. For a four-
legged stance, the feed-forward force is planned based ioear linterpolation of
the planned leg forces of the two- or three-legged stancasbpfore and after the
four-legged stance.
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3.1. Deliberative controllers |

When in a two-legged stance, only the torque perpendicaléne support line
is distributed since the legs are assumed to only apply $or¥eneda et al. [209]
argue that it works because there are also three- or fogetégtances (in the case
of pure trotting, they argue that it works because of thediiing orientation of the
supporting line).

A gyroscope is used to estimate the orientation, but to eséirthe height, a
weighted average is used,

=3 Frrza
ZG = 1
Zl:l Fff,l

where zg; is the height of each leg. The purpose of the weights is toiedita
discontinuities in the estimated height, which would ottiee cause discontinuous
desired forces.

The next section describes a second controller for dynaralkimg that is based
on similar principles, but with a gait that is simpler thae #ixpanded trot gait.

)

3.1.4. Dynamically balancing controller
— The intermittent trot gait

Yoneda et al. [207] discovered that the transferring legbdir previous controller
(section 3.1.2) caused the trunk to oscillate at high spehkdsto neglected inertial
effects. To reduce these effects (still modeling the legaassless), they introduced
the intermittent trot gait where the diagonal legs are swung in phase. The gait
handles a range of duty factos§ < (3 < 1) and allows omnidirectional translation
and rotation around a vertical axis. However, it assumeginglon a horizontal
surface and always attempts to maintain a horizontal d#itrhis gait was tested on
the TITAN VI and will be described next, followed by how theaphing algorithm
works.

The gait

Each cycle in the intermittent trot gait consists of two stegs illustrated by the time
intervals|Ty, 77) and[T3,T») in figure 3.7a. There is always a two-legged stance
phase(T),Ts), in each step and jf > 0.5, there is also a four-legged stance phase
[Ty, T1], whereT} is defined byl, — Ty = 2(1 — 3)(T1 — Tp).

As seen from the diagram, a pair of diagonal legs are alwayngwimultane-
ously. To simplify planning, each pair is therefore consideto constitute a virtual
leg with a position and orientation. The position is illased (figure 3.7b) by the
base of the arrow and the orientation by the direction of thewa Note that the
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orientation corresponds to the direction of the suppo# fiftus an offset related to
the “normal” leg configuration.

Since the distances between the corresponding feet andrthal Veg are as-
sumed equal, it is straight forward to convert from virtued position and orienta-
tion to the real foot positions.

How it works

There are two major parts in the planning algorithm: plagrofileg motions and
planning of trunk motion. Prior to each step (i.e. at liffyofhe next virtual foothold
is first planned. The trunk motion is then planned to maintiaénattitude based on a
ZMP criterion together with other imposed criteria thatsesithe trunk to “follow”
the virtual legs.

Planning of virtual footholds The use of virtual legs allows a simple planning
algorithm for the next virtual foothold based on the destredk linear and angular
velocity. To plan the next virtual foothold, the desiredogties are multiplied with
the transfer time to calculate a step length that is usedatwsitate the virtual leg's
foothold at the time of lift-off. The transfer time is dertvérom the duty cycle and
step cycle time, given as parameters from a higher level. nAgiending still, a
standard formation is planned.

Planning of trunk motion The trunk orientation is planned by integrating the
desired angular velocity. Trunk motion orthogonal to therent support line (solid
in figure 3.7¢) during the two-legged stance phase is defioed a ZMP criterion.
Otherwise, it is calculated as the integration of constataities for the different
phaseq Ty, Zi£1%), [To5Te, 7,), [T, 470 and [ L4, 7).

During the first two phases (during the two-legged stanoe)ntlotion perpen-
dicular to the support line, is given by

Szmp(tTo,y0,90) = yocosh <\/ £ (t - To)) +

y'o\/gsinh <\/%(t - TO))

whereg is the coefficient of gravityH is the height of the trunk CMyy andy, are
the distance and velocity orthogonal to the support line -atT;. This motion is
derived from the condition that the ZMP remains on the suplime (based on a
simple linearized inverted pendulum model). The conditgmecessary to maintain
a constant attitude and there is no freedom in the choicei®htbtion. However,
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the motion parallel to the support line can be chosen mogdyfrbut the velocities
for the different phases above have to be ch®seras to cause a convergence that
keeps the trunk from “drifting” away from the feet. Furthenra, since there will be
another two-legged support phase in the next step, thikes t@to account by using
a ZMP criterion together with a symmetry condition to defive motion parallel to
the current support line. To handle duty factors greaten th&, the virtual support
line (dashed in figure 3.7¢) is introduced by defining it amnbgbarallel to next
support line (dotted in figure 3.7¢) and with a virtual footts point
(Ts = To) Py + (Th = Ts) 1
Ty —To ’

whereP; andP; are the positions of the current and the next “supportingtia
leg, respectively. This line is used, instead of the nexpsupline, with the ZMP
criterion to plan a suitable motion parallel to the curramport line. In addition
to the ZMP criterion, there are also criteria with the pusad achieving small
velocity variations and a trunk CM velocity at the tihe- T} that is parallel to the
line between the trunk CM position at times- T, andt = T7.

Finally, it should be noted out that there are some typodcaplrors in the
reference [207] with the details of this algorithm. The meashould therefore be
careful when reading it.

P, =

3.1.5. Summary and discussion

To sum up how these controllers work, let us begin with TITAN |

TITAN Il The trunk motion is planned based on the desired path, nedata
and a static balance criterion. This is then used to deterraid plan the spatial
trajectories of the feet. Finally, inverse kinematicsv{&i here) gives the motion of
the joints. However, this alone would not work well in irréguterrain, so balance
is maintained by modifying the leg reference trajectoriesachieve a horizontal
attitude. The reason why the trunk should be kept horizpigadf course the use
of GDA:s. The support sequence is determined for each siag as algorithmic
method, based on the standard craw! gait.

TITAN IV Actually, the control principles are very similar to that BITAN Il1.
The trunk motion is here planned to meet a ZMP criterion, thee ZMP is kept
within the support pattern at all times. Further, the aldoni that determines the
support sequence is now based on the expanded trot gait.

SFor simplicity, they are chosen to be constant during eaelsg@h
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TITAN VI The ideas for considering dynamic aspects have been futévetoped,

based on the intermittent trot gait. By using this new ghit, a@lgorithm to generate
the support sequence is also much simpler. In addition, kyeH®ok suspension
algorithm explicitly considers the problem of maintainiaglesired attitude. As a
part of this, force tracking was introduced in the verticaéction during the legs’

support phases.

A common aspect of these controllers is the fact that thekisumotion (hori-
zontally at least) is “kinematically driven”, i.e. the cooiters generate the desired
trunk motion by moving the feet in a planned manner.

Performance

All of the machines have actually walked. The performanagegarom 0.18 m/s
(TITAN 1Il) and 0.4 m/s (TITAN IV) up to 1 m/s (TITAN VI) on flat arfaces.
Besides achieving the highest speed, TITAN VI could alsokw@l125 m/s) on
irregular terraif.

The next section will now describe controller examples, iehwe consider the
motion to be “force driven”.

5The terrain was unknown and varied about 0.1 meter venicall
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Supervisor

| Motion command or parameters

Trunk controller

Spatial and/or force

; | | , reference trajectories

Leg controller oo Leg controller

Figure 3.8: Overview of control structure.

3.2. Deliberative controllers Il

This section describes two types of hierarchical, disteduand deliberative con-
trollers. The first controller has been used with the Ada&pBuspension Vehicle
(ASV). The ASV is a hexapod that was developed at the OhiceSthiversity
(1982-1990) as a “proof-of-concept” that a walking macltae be built at a useful
scale.

The second controller type has been dsgal slightly different versions) with
the robots RALPHY, SAP and BIPMAN. RALPHY and SAP have beewettiped
at the Laboratoire de Robotique de Paris (LRP) and BIPMAN attdratoire de
Genie de Biomecanique et Biophysique (LGMBP).

The common principle behind these controllers is descriteed, followed first
by some information about the ASV (section 3.2.1) and then ttee controller
works (section 3.2.2). Some background on RALPHY, SAP arRMBAN (section
3.2.3) is given, but since the basic principles are simdahat of the ASV, only the
differences are really considered (section 3.2.4). Inktdee focus lies with some
work at LRP in the generation of leg reference trajectories.

The common structure Figure 3.8 illustrates three levels in this common con-
trol structure. The supervisor provides a desired trunkionpthat is used by the
trunk controller to generate commands to the individualiegtrollers, one for each
leg.

"We have only found simulation results.
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Figure 3.9: The Adaptive Suspension Vehicle weighs about 2700 kg, vitttedsions
5.8 x 2.2. x 3.1 metres (Lx W x H) [139].

The main idea lies within the trunk controller, where a degstrunk acceleration
is computed (based on the error in desired trunk velocityapec¢tory). This accel-
eration is then used to compute a desired trunk wrench, inet éorce and torque
on the trunk. Since this wrench must be applied by the suippprtegs, a force
distribution algorithm is used to calculate desired forfitems the individual legs. In
essence, this is a kind of force or acceleration control ertritmk. Note however,
that this requires some kind of force tracking capabilitiethe leg controllers.

3.2.1. The Adaptive Suspension Vehicle

The ASV shown in figure 3.9 is a machine with impressive penfimice and will be
described in some detail. Normal operation requires 37 KR\k{& for mechanical
work) and it is powered by an on-board gasoline engine.

Everything, including a human operator, is on board. The mder system
includes two special purpose processors, one to sampleraocelgs terrain elevation
data from a laser scanner (at 2 Hz), the other to compute ftistgbutions (in 1
ms). To estimate position and orientation, there is alseeaiafly developed inertial
measurement system based on a vertical gyroscope, amgtdagyroscopes and
accelerometers.

8Inertial effects of transferring legs are ignored.
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Human operator
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Figure 3.10: Overview of ASV control hierarchy.

The six legs each have three degrees of freedom in a planswgpaph con-
figuration, where the actuators work independently in thgtisd plane. Velocity
controlled hydraulic actuators are udgthat for small signals allow velocity con-
trol up to 50 Hz and a response time less than 10 ms. Joinigusiand velocities
are measured using encoders, while differential presgmsoss are used to measure
ground forces. To save weight, the legs have a compliantteme; which results in
a low trunk resonance frequency (0.5 Hz for some axis).

Waldron et al. [196] describe design considerations, whilgh et al. [146]
give a comprehensive technical description of the vehiatkits systems, including
its control. The feet and other parts of the ASV are also desdrby Song and
Waldron [174].

3.2.2. The ASV controller
The ASV control hierarchy is illustrated in figure 3.10.

e The supervising is done by a human operator that also selpetating mode

e The trunk controller plans motion and controls balanceetlam the com-
mands from the operator and operating mode.

®Each joint has its own variable displacement (flow) pump. Asfwplate in each pump regulates
the flow and the plate is controlled by a rotary hydralic aiyahat in turn is controlled by a
two-stage servovalve.
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e The leg controllers use position control for transferriagd and force control
for supporting legs.

The operating modes will be described next, followed by aeftwtescription of how
planning is done. Then the algorithm to control the trunkdtion is described and
finally the leg controllers.

Operating modes

Each operating mode uses a slightly different algorithmeoegate and coordinate
the trunk and the leg motions. All but the obstacle crossinglenhave been fully
implemented and field tested. The operating modes aretyugiliecision footing,
close maneuvering, terrain following and follow-the-leadThey will be described
in some detail, since some of them might be useful to impldrmeather walking
machines.

1. Theutility modeis used for start-up and shut-down (the ASV lies on the
ground) allowing the operator to manually place and catibtiae legs.

2. Theprecision footing modé used to manually control one leg at a time (or
the trunk) without changing the support pattern. When ailirig the trunk,
the operator gives the desired velocities for all the tramlégrees of freedom.
The trunk control described in section 3.2.2 is used in thid the modes
below. Switching between modes always passes through thidem

3. Theclose maneuvering modses the tripod gait to walk over relatively smooth
terrain with only small obstacles. The operator gives thardd horizontal
and yaw velocities, while the roll and pitch are automalycabntrolled.

Leg motions are generated by the planning software to madgrtiie transfer
time, where the ground is assumed to be a plane through tipeding feet,
or the terrain map is used. To avoid the automatic deceberdkiat occurs
when the planner fails, (see p. 66) the desired velocitiedianited by the
following procedure:

a) Calculate the maximum time the current tripod supportepatcan be
used, based on the given velocity command, leg workspaak$oare
constraints.

b) Calculate the minimum leg transfer time, based on lechkfghts and
terrain profile.

c) Compare the times to determine the highest attainabkdspe

4. Theterrain following modeuses a free gait to walk over relatively smooth
terrain with a moderate number of smélbbstacles. The operator gives the

Osmall relative to the vehicle.
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desired horizontal and yaw velocities, while the roll anttipiare automati-
cally controlled.

Leg lift height is calculated automatically from the terranap and the legs
are used in a sequence based on a free gait algorithm:

a) Calculate the temporal workspace limit for each suppgrg, i.e. the
time before the leg reaches a workspace limit.

b) The next leg to be raised, is the one with the smallest lihait can be
lifted without violating stability.

¢) Raised legs are kept in a ready position until a foothofdusd.

Footholds are automatically selected from the terrain n@pe as close as
possible to a nominal position (based on the vehicle’s visfpc Note that
infrequent deadlocks are not an important planning probinte the human
operator can handle these manually.

5. Thefollow the leader modeses the follow-the-leader-gait, for severe terrain
with relatively few footholds. The operator gives the dedivelocities for
all the trunk’s degrees of freedom and selects footholdgHerfront legs.
Then the middle and rear legs automatically use footholdsecto the front
legs’ footholds. The sequencing of the legs are fixed, bugpeddent for the
left and the right side, where the times of lift-off and fadtfdepend on the
relative position of the footholds with respect to the trunk

6. Theobstacle crossing mods used to cross vertical-step obstacles.

Planning

The exact use of the planning algorithms depend on the apgraitode. Below, the
more general principles for planning the spatial referenajectories for the trunk
and transferring legs are described; remember that thetpgmode also affects
the support sequence. During planning, the terrain el@mvatata is used to check if
footholds are viable by estimating their slopes.

Trunk trajectory planning The planning software (and the balance control de-
scribed in the next section) is used with all the modes extteputility mode. It
determines how closely the commanded velocity can be tdawk#hout violating
the condition that the machine remains stable, here thdbthe distribution algo-
rithm can find a feasible solution. Another aspect of the milagn is that there is
always a current plan, that consists of two parts. The firdtgies to achieve the
commanded velocity, whereas the second part contains agtitelerate and stop
in a statically stable configuration. This means that if taper fails to find a new
trajectory, the second part can always be used to stop safely
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If the commanded velocity requires too large acceleratieng. they require
too large leg forces, the planner iteratively changes timensand to try and find an
acceleration that does not violate the constraints. Thenglaneglects the effects of
transferring legs.

Leg trajectory planning and generation Parameters for the transfer motions
are first planned and used to generate position referendeseffect of trunk mo-
tions is neglected and the trajectories are planned aswgilo

1. The planner receives a motion command with constrainth ag foothold
position, velocity at footfall and time-window for the exen

2. The leg trajectory is partioned into segments and for sagment:

a) The boundary conditions (endpoint position, velocitg &me) are cal-
culated assuming constant acceleration.

b) A 5th order polynomial is fitted to the segment (resultsnmosth accel-
erations).

After planning, the leg trajectory is repeatedly generagdbllows:

e The current 5th order polynomial is evaluated each 50 ms.

e The leg trajectory is modified with respect to kinematic tmtions and leg
collisions.

e A simplified 2nd order polynomial valid for 50 ms, is sent t@ tleg servo
controller.

e The leg position controller evaluates the 2nd order polyiabavery 10 ms to
get the desired position.

Balance control

In addition to planning, the trunk controller (figure 3.183dks the desired trunk
motion (sample time 60 ms). To do this, the tréhkervo needs accurate and fast
motion estimates from the Inertial Measurement System. riibgon error (in po-
sition, orientation and corresponding velocities) is tiplittd with gains to compute
a desired acceleration command. To this command a feedfdriterm is added
to generate a desired trunk acceleration and a simple ensamic model then
gives a desired trunk wrench. Finally, the force distribatalgorithm calculates the
desired forces for the supporting legs.

"The term “Body servo” has here been changed to “Trunk semmo&dnsistency in terminology.
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Figure 3.11: ASV trunk controller. Only one of the reference types aredustea time
by each leg controller.

The implementation is reported to be stable with respedteéantimber of sup-
porting legs and leg placement. It is also reported to wotkeexely well in soft
soils (slippage) because of the force tracking.

Force distribution  The task of the force distribution algorithm is to select a
combination of leg forces that gives the desired trunk winen& criterion on the
solution is that there should be no opposing leg forces aadntiplementation is
divided into two steps for speed.

1. First preliminary estimates of the vertical forces arkewated and used as
weights when determining the horizontal forces (using gor@pmation of
friction coefficients), that achieves the desired horiabfirces and the yaw
torque.

2. Then the vertical forces are determined to achieve theedegertical force,
roll torque and pitch torque.

If a maximum force constraint is reached, the corresponétinge is fixed to its
limit and the remaining forces are recalculated. In casertany limits are reached,
a least square solution on the errors in the desired foraeseis instead.
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Figure 3.12: The photo (from [12]) shows the hybrid wheeled and leggedt&AP
with dimensiong$).5 x 0.3. x 0.6 metres (Lx W x H) . The wheels are passive and the
system is used to test leg reference trajectories and dontro

Leg controllers

The leg controllers operate in either position or force mannhode. In both modes,
temperature variations, wear and leakage make the cornfficull. This is com-
pensated for by adding feed-forward terms that are estratdine. Note that the
position control only uses a position reference and thatdiee control exploits the
leg’s compliance.

3.2.3. RALPHY, SAP and BIPMAN

This section gives a background on the robots RALPHY, SAPBIRMAN and

the next section will describe briefly how their controlleifer from the ASV con-
troller. However, the focus is on work at LRP on the generatif leg reference
trajectories.

The work on the control structure described in the next gedtiegan at the
Laboratoire de Robotique de Paris (LRP) where first RALPHUY later SAP (figure
3.12) were built. RALPHY [191] [190] [125] is a quadruped, evhas SAP [61] is
a hybrid legged and wheeled structure, built to study geiweraf leg reference
trajectories and control. Lately, they have started waylan an approach they call
Controlled Limit Cycles [124] where they attempt to contiiod energy within the
system to achieve and control fast leg motions. This is hewbkgyond the scope of
this report and not discussed further.

Around 1995, some researchers moved to the Laboratoire die @e Biome-
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canigue et Biophysique (LGMBP) and continued in a slightiffedent direction
with the biped BIPMAN. The basic control structure [54] isrwesimilar to that
of RALPHY and SAP. However, Guihard and Gorce [60] [59] ardgbet BIP-
MAN'’s local joint impedance controllers are computatidnahore efficient than
RALPHY'’s and SAP’s leg impedance controllers [183] [184].

Another difference is that the work at LGMPB focuses more mhér level
control, such as adaptive criteria under external pertimbs [188] [40], learning
[53] and postural control [55] [52]. The higher level corti® essentially based
on adapting the constraints on the force distribution atigr with the Real-Time
Criteria and Constraints Adaption (RTCA) architecturedJL8

The control of BIPMAN is not further covered in this surveyedto space and
time constraints, although we consider their work on théndidevel of control
to be quite interesting. However, we have so far only foumaugition results on
BIPMAN. This is also true for RALPHY, for which we have found report that it
has actually walked. SAP on the other hand has been used expmsiments.

The legs of RALPHY and SAP are about 0.4 metre long and weigbstal kg
with two®? revolute joints, a hip flexion/extension and a knee flexicde®sion joint.

The robots use pneumatic actuators that are controlled) uinelectropneu-
matic four-way servo-valve (torque motor+two penumatagss) that is controlled
by an electrical current. The valve controls the flow and lzgs the chamber pres-
sures, i.e. the joint torque, from an air pressure supplybéi).

3.2.4. The control

The control ideas originate from manipulation (Gorce e{%6]). Originally, the
goal was to track a spatial reference trajectory, assunosgipn control. Later this
changed to impedance control that (with constant parasjeswoids the problems
of switching controllers [184].

Figure 3.13 illustrates the control structure that is simtb that of the ASV.
The supervisor here determines gait parameters (dutyrfattpand the trunk level
is very similar to that of the ASV. One difference is howevdat the leg refer-
ences are both spatial references and force referenceshekrdifference is in the
implementation of the force control, see section 3.2.4.

Note that the discussion of the control structure in thisise@assumes its appli-
cation to RALPHY (the application to BIPMAN is similar [60&xcept it has arms).

2vjillard et al. [190] reported plans to add electric hip attibr/adduction actuators, with the moti-
vation that this would be necessary for turning. We have mand any further information, instead
it seems that SAP was built. However, note that it is not abvagcessary with three joints per leg
in order to turn as illustrated by for instance the SCOUT tslp7].
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Trunk controller
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Figure 3.13: RALPHY Control structure.

However, the SAP implementation [61] needs to take speai@ of the fact that it
has two passive wheels and we consider this irrelevant ftkingasystems.

The supervisor

Villard et al. [191] state that “according to the desiredtgaie have identified the
possible range of values ofi( ¢) by means of several studies in animal locomo-
tion”, where g3 is the duty factor and is the relative phase of the legs (assuming
a symmetric gait). Other parameters that come from thisrsigoey level are the
footholds, stride length and frequency. However, we hauadano work from LRP
on this level except the use of fixed gait patterns (for walstraight ahead in sim-
ulations).

The trunk controller

The trunk control is very similar to that of the ASV and withetexception of the
generation of leg trajectories, we have found little worktlois level.

Leg trajectories

The ideas for planning leg reference trajectories at LRRetdnanged over time.
From studying cursorial animals [190] Villard et al. corobdal that

¢ “the length and the height of a stride increases with thedpee
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Figure 3.14: LRP trunk controller. Note the difference to the ASV (figur&B), the
leg trajectories are modified here to achieve the desirex:for

e “the legs are kept straight during” ... support

Based on these conclusions, and the goal to minimize foet#cities, they sug-
gested a prototype trajectory consisting of a cycloid @fanphase) and an arc (sup-
port phase). However, Guihard et al. [61] tested this witiPS#d found that it did
not work well, since the robot barely moved as the feet slipfmanly leg position
control was used here). They therefore “rotated” the ttajgdn the sagittal plane
to “push” the feet more into the ground, but they still endeued problems. Even-
tually, they decided to introduce force tracking [184]. Dgrthe transfer phase they
use the following reference trajectory (trunk frarfje

z4(t) = xao+ 7 (Wt —tg) —sin (w(t —tx)))
ya(t) = yao+7- (1 —cos(w(t —tx)))

13We think the frame is assumed to be horizontal and moving avithnstant horizontal velocity.
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wheret;, is the time of footfaft*. The spatial reference trajectory

Ax
zq(t) = g+ E(—t + tr)

va(t) = Yo

is used during the support phase, whexe is the step lengthAt is the support
duration andz4y and y,o reference positions related to ground parameters. The
force reference trajectory is chosen as

Fdx(t) = ot- deo +

+vtC cos (%) — vtq cos <37T7ﬁ>
3 ft

Fay(t) = Fgyo + Ccos (%ﬂ) — g cos (T)

whereC “quantifies the fraction of the weight supported by each l@gdv is the
mean horizontal speed of the foat is the duty factor § = 0.75) andq = 0.2.
We recognize this as an approximation Alexander [3, eq. 6,184 made of foot
motions, plus a constant force offset. The idea behind thigsing a truncated
Fourier series to approximate forces as measured from hamdanimals [7].

In the implementation [184], the ground (including the joistassumed com-
pliant and an adaption stage is added to the coordinatiois fidw part estimates
the ground stiffness and modifies the spatial referencedi@jy to achieve the de-
sired force. Altering the impedance parameters could atb@ege force tracking,
but could cause instability. Too see how this is done, natttte steady-state force,
F,, between the the ground and the leg can be written as:

K
ef e( - OO) Kr +Ke( d + 7"('%.6 I'd))
whereF, is the ground forceFy the desired forceK, is the ground stiffnessk’,
is the combined leg and leg control stiffness as implemebyettie impedance con-
troller. The foot reference position is; and the position of the ground is, (Note
thatx. andz, are column matrices here, not the horizontal position). Védrécal
parameter; o will now be calculated as:
Fy

Ao = Ye — =
Ydo Ye K@

11t might be thatt,, is different for the transfer and the support phase in thegadlas, i.e. in one
formulaty, is the beginning of the support phase, and in the other ieid#ginning of the transfer
phase.
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wherey, is the ground position angl. and k. are the respective estimates. The
ground parametek’. andz. needs to be estimated by the adaption law (see [184, eq
46] for details):

K, = r}/ely'(Ae_Fe)
 E - Fe )
Ye Ke Ve2 — VelYYe

where the prediction of the measured forcéFis= K. (j. — y) and~.; and.s
are positive constants that are estimation gains. We hafar soly seen simulated
results from this scheme.

Force distribution The force distribution algorithm uses a different methahth
that described in section 3.2.2. Here, the solution is fdundolving a constrained
linear optimization probled?. Below is an example given of how they formulate
the problem for four supporting legs, in order to solve forait = t51:

Minimize ‘(BFyI{Ieft rear | BFyHlen fore) _

Hi Hii
(BFy right rear + BFy right fore)

under the constraints

B nH, _ B0
> PR = PR,
ke{supporting legs

B 2 Hy,
y

v

miny, vk
BEM < max, Vk

|PEM (ty1) = PEMe ()| < max, Vk

whereBFgf’k is leg k’s vertical force component in a trunk coordinate systeme Th
equality constraint means that the forces must add up anfirshéwo inequalities
demand a bounded value and the last inequality enforcesadmptover time.

Leg level

The leg controllers implement an adaptive impedance cletr@adaptive both in
the sense that it estimates leg parameters on-line andralke Bense that the level

50ne of the main ideas within BIPMAN's control architectusetd vary the constraints to achieve
different responses to disturbances.
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above estimates the ground stiffness (in order to modifyrétierence trajectory
to achieve the desired force). Here we will only mention tety report (from
simulation) a 200 Hz bandwidth of the actuators servo-vawe 70 Hz in the torque
tracking. This is higher than that reported for a spring iriesewith an electric
actuator [144]. However, the latter actuators have beed fmea few years now,
whereas we have only found simulation results on the previ@etails of this leg
controller are beyond the scope of this survey, but see tieeaby Tzafestas et
al. [184] for more information.

3.2.5. Summary and discussion

We consider the trunk motion to be “force driven” in these toolfers, since the
desired trunk motion is used to calculate a desired trunklacation. This is then
used to calculate a desired force on the trunk, that is biged among the support-
ing legs. Each leg is then controlled to achieve its desicedef The ASV uses
direct leg force control, whereas RALPHY and SAP use impedarontrol. This
scheme will, in addition to causing motion, also maintamdlesired attitude. In the
ASV, balance is also, in a sense, achieved by the existeraearhergency stop plan
that halts the vehicle when for instance, no solution to thwed distribution prob-
lem is found. The ASV either relies on the human operatorgwrithms to plan the
support sequence. In RALPHY and SAP, the support sequemrepsogrammed
and fixed.

Performance

The ASV can walk with a maximum speed of 3.6 m/s (tripod gait) ascend slopes
up to 35%. RALPHY on the other hand seems to only have walkesihiulation
(about 0.4 m/s). The same more or less holds for SAP and BIPMXbept that
some experiments have been performed with SAP.

The examples in this section and those in the previous weyedatiberative. In
the next section a more reactive, behaviour based, cantmlll be described.

75



3. Controller examples

Figure 3.15: Photo of the quadruped robot Thing. The robot is 0.23 megh hnd
weighs approximately 2 kg [101].

3.3. A hybrid DEDS controller

This section will describe a controller based ommydrid discrete event dynamic
system(hybrid DEDS, section 3.3.1) for statically balanced wadki It has been
created in the Laboratory for Perceptual Robdfind although their research is
focused on manipulation in combination with vision, MacRh[110] built the
quadrupedrhing (figure 3.15) in 1994. Huber and Grupen then proceeded to work
on machine learning, letting the robot safely explore howuto [80] and walk’
[81] .

The robot is 0.23 metre high, weighs approximately two kg isractuated by
12 position controlled hobby servos. It can navigate aroobstacles, using an
IR-sensor in the front and walk over irregular terrain [11112]. An interesting
point is that the elements of Thing's walking controller weaariginally used for
manipulation and that Thing is actually capable of rotatamgearth globe while
lying on its back.

DEDS control has so far not been very common in robotics, buirfstance
KoSecka and Bajcsy [166] have used it for navigation. Raraaaigl Wonham [150]
explain some basic theory, while Sobh et al. [172] give amxed list of discrete
event systems. The next section briefly describes the DEEift@cture, see Huber
and Grupen [79] for details, while section 3.3.3 descrilmses of their work on
machine learning.

15The laboratory is at the University of Massachusetts.
Y earning to walk has so far only been done in simulation.
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Figure 3.16: A hybrid discrete dynamic event system.

3.3.1. The control architecture

The control architecture is illustrated in figure 3.16 andgists of two parts, a su-
pervisor and a set of continuous controllers. The superagbserves the state of the
abstract system model and the feedback map on the supaeisors aomposition
policy that activates a subset of the continuous controllersréactive behaviors.

The abstract system is modeled as a DEDS, i.e as a systenvohagsewith the
occurrences of discrete events, which in this case are thaten and convergence
of the continuous controllers. The model is realized as &efstate machine (FSM)
over a predicate state space, where each component of aaieedector indicates
whether any one of a set of continuous controllers has cgadersee section 3.3.3
for an example. Using DEDS methods, the state machine camatitally be
generated, based on descriptions of the continuous clamgrol.e. which predicates
that can be affected by a specific continuous controllernFttis abstract model,
a supervisor can then be derived automatically that obseheestate based on the
occurrence of events.

This is a hybrid DEDS, since the continuous controllers aedas an interme-
diate layer between the supervisor and the world. The clbetschelp to suppress
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1 step yes
— e c @)
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Figure 3.17: Approximation algorithm of th&€';, < C constraint.

model uncertainties and reduce complexity, by dividingdbatrol problem into a
continuous and a discrete part. However, it is importans®aontrollers with well
defined characteristics, since the abstract model is basdtese. Furthermore,
since several controllers will be activated in paralleg tombined controllers must
also have well defined characteristics.

By only allowing concurrent activation afthogonalcontrollers, i.e. controllers
that don't affect each other, their combined charactesstiill be well defined. It
is, however, enough that the controllers are orthogondl mespect to the “subject
to” constraint, written ag; < ¢;, meaning that controllep; is only allowed to have
an effect on thenullspaceof controller ¢;. In practice, this can be approximated
using the algorithm shown in figure 3.17. The constrainedrobiar is executed for
one time step and the unconstrained controller is then effolw converge. This is
repeated until the change in state is less than a thré$holdhe set of controllers
that were used for walking will be described in the next secti

3.3.2. The control basis

A control basids a set oklemental controllers{ ¢y, ¢1 ..., ¢,, }, that can be linearly
combined (activated concurrently) ircamposition policyo span a task space. For
walking, the following elemental controllers are used:

e ¢y — position controller
e ¢; — contact controller
e ¢, — posture controller.

These elemental controllers work in continuous time usegdback and can be
looked upon as reactive behaviors. They are also genetibgisense that they can
be bound to differeninput and output resourcesas illustrated in figure 3.18. As
a consequence, the goal and action of an instantiated dentndll depend on the

18We have not seen any proof that this will actually converge.
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Control composition Control binding
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Figure 3.18: lllustration of controller binding and composition.

resources bound to it. The instance of a controller is dehase
o
¢ZT_T?

whereo; denotes the set of input resources andenotes the set of output resources.
If for instanceo # o9, then most |ike|y¢i%.1 will not have the same effect ag%Q
since the controllers do not use the same input resources. B

What the actual input and output resources can be, depentte apecific el-
emental controller, but mostly they are the degrees of ti@edorresponding to
simple kinematic chains, like a robot arm or leg. It was fofmdthe walking task,
that there was no need to directly control individual degrekfreedom within the
legs’ kinematic chains. In this case, the resources areadthiepositions(1234),
the position of the robot’s centre of massy) and the robot’s orientatiofy). Note
that abstract resources, such as the robot's orientationbe used as well as joint
angles. Also note that the references use a different ledpating than in this study,
i.e. the resources denotétl2 3 4) here are denote@ 13 0) in the references.

The position controller

The position controller was originally used for reactivetpplanning in manipula-
tion tasks [29]. Depending on the assigned resources, thteotler is capable of
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3. Controller examples

either navigating a robot through a cluttered environmentsteering a robot leg
away from an unsuitable foot-hold.

A potential field approach based on harmonic functidns used to do path-
planning in the configuration space. Harmonic functionsehspecial properties,
that guarantee that a gradient descent path leads to thefgophth exists. If there
is no path, the gradient will be zero which is a condition tteat be detected.

Obstacles and the goal are represented as boundary cosditith different
values. When a new obstacle is detected, it is added as a newddmy condition
and the field is recalculated, i.e. re-planning the path.

Formally, the problem can be cast as solving

V2d =0, onQ C R"

with Dirichlet boundary conditions

B |on = 0 goal
9% =9 1 obstacle

giving a solution that will be denotedi,. The flow of this solution will be orthog-
onal to the obstacles. Using a von Neumann boundary conditio

D |90
on

wheren is the surface normal, another solutidny, is obtained where the flow will
be parallel to the obstacles. Since Laplace’s equatiomésli the solutions can be
superimposed into

:07

S =LkPp + (1 — k)(I)N,

thereby varying the flow of the solution, i.e. how close totabkes the robot will

go.
Trajectories can be generated as

§=KyV®,

whereg is a vector with the desired velocities (in configurationc®aandKy is
the velocity gain. To reactively handle obstacles that timt hits, an admittance
controller can be added by calculating the desired velasty

¢ =KyV® + KpgA(q)w,

n oP

*®Harmonic functions are solutions to Laplace’s eqatiaic® = Y7, &%
- k2

generalized coordinate.

= 0 whereg; is a
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3.3. A hybrid DEDS controller

wherew is the external force in joint forces, e.g. joint torquésq) is the admittance
matrix andKrq is the admittance gain. Far = 3, a heuristic admittance relation
can be given by the relation

AlQw = =(V® x (VO x w)).

This simply means that the admittance induced velocitytisogronal to the obstacle
and to the gradient descent direction.

The contact controller

The contact controller attempts to achieve a stable stdrycminimizing the force
and torque residualst” F and MT M, where F = Y} | fi — mge. is the net
force on the robot’s trunk and is the net torque on the center of mass. First the
force residual is minimized through a gradient descent otktitil the force error is
below a threshold. Then the torque residual is also minithiaea gradient descent
method, see [25] for details.

The force from each foot is calculated gs= J; * 7;, where

J T —

)

aT.TrunkﬂFooti -T
( dq >

is the inverse transpose of the Jacobian of the vector batthesgrunk and the foot
7. The joint torquesy;, are estimated by comparing signals (more or less motor
current) in the servos’ controllers to precalibrated faleéa.

The controller tries to place the output resource in suchathat the expres-
sions are minimized. This requires an estimation of theaserbrientation, that is
obtained by using the foot as a probe. The foot is repeatedlyech downwards
until the contact force exceeds a threshold. This positahén stored and several
of these positions are used to fit a flat surface model to the dat

As an example, the goal of the contact controller

123
gbll—a
is to achieve a stable stance on the input resources, legarid 3, by moving the
output resource, leg 1.

The posture controller The posture controller maximizes a heuristic posture
measure,

m = H Di H cos(0c;;) |

1<4 Jj<3
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3. Controller examples

based on the manipulabil®y measure,

p; = det (W)

whered,,; is the joint angle for leg and joint;j, normalized to—, 7). Itis im-
plemented as a gradient descent method on the posture meAsuexample of the
posture controller is:

P22,
where the input resources are the kinematic chains of legsdd 3 (i.e. in practice
the foot positions), while the output resource is the yagiarmf the robot. The
goal of the controller is to rotate the robot around the rshaenter, optimizing the
posture measure.

Supervisors

In 1996 MacDonald [111] designed a supervisor to make thetralalk over flat
horizontal terrain. The supervisor is illustrated in fig@r&9, where the result of the
feedback map for each state is shown within the state. Tl lguds indicate the
current supporting polygon, while the dashed lines indithé support polygon that
the contact controller must achieve in order for the statesition to occur.

The precondition is that the robot is in a stable four-leggiahce. In this gait,
the robot walks in the x-direction, first moving the left réeg, followed by the left
front, right rear and right front leg.

Table 3.1 describes what happens in each state. This sspely walks
straight ahead. In order to navigate around obstacles a\dsgefor turning was
also created. A composition of the two supervisors was tlsed,uvhere the turning
gait was used whenever the yaw error exceeds a threshold.yavherror is the
difference between desired heading and current headingfiasated by odometry.

Since the position controller is reactive and can incorfgoreew information
about obstacles, the combined supervisors were capablevigating to a goal
point, while walking through an unknown obstacle field.

Going from flat terrain to irregular terrain

The supervisor for flat terrain was tested on irregular tertaut no longer worked,
since some of the transitions never occurred. The problesiselved using the
same control basis, by modifying the supervisor and theawbontroller:

20For a book on robotic control that includes manipulabilitge the book by Murray, Li and Sastry
[126].
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Figure 3.19: A supervisor for walking over flat terrain.
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Table 3.1: Description of supervisor for flat terrain.

State Description

0

57

The center of mass is moved, so that a stable stance is adhising
leg 1, 2 and 4. At the same time, the orientation is optimized.

Leg 3 is placed (kinematically optimized), so that the eemf mass
is also within the polygon of leg 2, 3, and 4. At the same tinfe, t
orientation is optimized.

The center of mass is kept within the supporting polygonegf2, 3
and 4, while it is moved to position that optimizes the malapility
measure. At the same time, the orientation is optimized.

Leg 1 is placed (kinematically optimized), so that the eeof mass is
within the polygon of leg 1, 2, 3, and 4. At the same time, kdep t
center of mass within the supporting polygon of legs 2, 3, 4ndhile
moving the center of mass according to the navigation cthetro

The center of mass is moved, so that a stable stance is adhising
leg 1, 2, and 3. At the same time, the orientation is optimized
These states are similar to the earlier states, but witreht legs and
support polygons.
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3.3. A hybrid DEDS controller

The probing behavior was added to the contact controlleoydier to obtain
information about surface orientation and location.

Avoidance of footholds that are close to edges of surfacesagded, using
the position controller on leg, subject to the contact cullar.

Vertical posture optimization was added.

In four-legged stances, one foot was allowed to be draggeth@mround
while the trunk was moved. This effectively increased thekspace of the
trunk relative to the other footholds.

Failed convergences was handled by adding two states.

Figure 3.20 illustrates the modified supervisor. This suiger worked in experi-
ments where the robot walked over unknown irregular tercamsisting of horizon-
tal planes, each one cm high, placed on top of each otheregular angles. An
experiment took about 13 minutes, where the robot repgatesgid over 50% of the
vertical workspace, when it crossed three planes at once.
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Figure 3.20: Supervisor for walking over irregular terrain.
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Control structure
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Figure 3.21: The control architecture.

3.3.3. Learning Thing to turn

The control architecture with einforcement learning componeatided is illus-
trated in figure 3.21. The purpose of the reinforcement lagrnomponent in the
control architecture, is to learn a feedback map on the sigmerthat achieves a spe-
cific task. As a demonstration of this technique, Huber anapb@&n [80] let Thing
use exploration witQ-learningto learn a counterclockwise turning gait. In that
experiment, they only allowed controllers instantiated as
¢12e £ b# canda,b,c € {1,2,3,4},
with the goal of reaching stable tripod stances and the clbetr
0123
b2y

that optimizes the orientation of the robot. These 13 cdletocan then be com-
bined using thex operator, resulting in 1885 actions available from eactestA
state in this experiment was definedzas: (p1, p2, p3, p4, ps) Where the predicates
p1, p2, p3 andp, represent the convergence of controllers such as

1,2,3 T
D1x (* indicates any resource)

i.e. stable tripod stances. The predicaeéndicates the convergence of

0,1,2,3
¢2£ .

This gives2® different states, with 1885 composed controllers to chdosa
at each state. Since exploration is done in the real world, ilnportant that the
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3. Controller examples

exploration is limited to safe states, i.e. the constraint

P11V Dp2Vp3Vps

should be satisfied. Additional knowledge is incorporatedugh the constraint

—(p1 Ap3) A=(p2 A pa),

i.e. that two diagonally opposite tripod support patteras not be used simulta-
neously. Controllers that could violate these constraanésnot allowed, reducing
the number of possible composite controllers availablenfemch state to approx-
imately 50. From each of the 16 stable states, transitiorssiple to on average
about six states. In practice, the transitions will depem&inematic limitations and
the environment. The system can therefore be viewed as tesndaistic.

System identification was done by using a frequency counppocximate the
function p(x, a,y), i.e. the probability of transitioning to state when in stater
and taking the action.

The reinforcement learning was implemented as Q-learniggre the quality
function

Q(z,a) = (p(w,a,9)Qx,a,y))
yeX
encodes the expected quality of taking actioinom statex and the partial quality-
function, Q¢(x, a,y), is updated as

Qt(xaaay) = (1 - ﬁ)Qtfl(xﬂlvy) +
5 <rt + 7 max Qtl(y,b)>
cA

at stept, wherer; is the reward for taking actios.
In the experiment, the reinforcement was defined as

Tt = Yt — Pt-1,

i.e. the relative change in orientation in the current sthqitially, the robot was
placed in a stable configuration and the exploration-leva$ witially 100% and
incrementally decreased down to 10% in 1000 time stepsr Afiproximately 500
control steps, that took 11 minutes, the turning rate skttt@vn to fluctuate around
about 0.36 radians/step.

The resulting supervisor contains a main cycle consistifguwr states, where
98% of the transitions take place.
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3.3. A hybrid DEDS controller

3.3.4. Summary and discussion

Walking is achieved by a supervisor that sequentially atdiy continuous feedback
controllers, thus dividing the control problem into the idesof a supervisor and
a set of continuous controllers. Starting with a controlifiassources are bound
to elemental controllers. The subject to operdta) is then used to compose ad-
ditional controllers and since the elemental controllexgehwell defined goals and
characteristics, that will also be true for the composedrodiars.

Based on these characteristics, formal DEDS methods ark tosautomati-
cally generate a supervisor/observer over a predicat@ sppoesenting convergence
events. The problem is now to design a feedback map on thevismgre that acti-
vates the correct sequence of controllers. In practicefetb@back map can be de-
signed manually or found by reinforcement learning. Thicaksynthesis methods
exist, but fail since the system is too large, complex andaeterministic.

We consider the motion of the trunk to be “kinematically @rv, since the
controller moves the trunk by controlling the foot posisarsing inverse kinematics.
However, this is not a deliberative system, since in theiptpof a transferring leg,
it is “pushed” ahead by the trunk through the use of the mdalglity measure.
The motion of the trunk is similarly the result of trying totopize this measure.
Balance is maintained, by always having a behaviour actia¢ énsures a static
balance criteria, whereas the support sequence emergdsratian of the encoded
feedback map.

Performance

Thing walks very slowly, about four minutes for one metre dlaesurface, more for
irregular terrain. The resulting gait is either sequerdiahon-sequential depending
on the supervisor, but it is always aperiodic because of thg ilvis generated.
An advantage is that DEDS methods can be used with additioralledge about
unwanted states to restrict the set of controllers that eaadtivated in a given
situation, allowing a certain measure of safety to the systSafety is especially
important during unsupervised learning of feedback mapisemeal world.

Experiments on the robot Thing demonstrate that this agprasrks for static
walking and learning to turn. However, their implementatad the subject to con-
straint results in slow convergence and therefore slow wglkFurthermore, this
particular control basis uses global resources and canasdy de distributed. On
the other hand, the use of a control basis combined with thedh{pEDS approach
results in a very small set of parameters and referencectogies that have to be
tuned.
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It is difficult to determine controllability of the abstrasystem model, e.g. if a
specific task can be solved. One reason for this is the unkeowinonment, another
is that the model depends on the chosen set of continuoubiers; it is not certain
that the set is capable of achieving a specific task.
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Figure 3.22: Overview of the Walknet control structure.

3.4. A biologically inspired controller

This section will describe thé/alknetcontroller (figure 3.22). It is a very decentral-
ized and modular controller that was designed at the Urityeo$ Bielefeld (Ger-
many) based on biological experiments by Cruse et al. [3hkyThever designed
an actual robot, but their simulation results and contraigiples have been used
in collaboration with other groups such as at the Techniséhigersitet (TU) Mu-
nich [141,142,199] and at the Duisburg University [42].

First the simulation model will be briefly described, folled/ by the hexapod
from TU Munich. Then the Walknet controller will be describand finally a sum-
mary and discussion will be given.

The simulation model

A simulated hexapod model, based on the stick insect (fig2® 3was used for the
design of Walknet. The legs are insect configured with thesgeks of freedom per
leg labeled, 3, v as illustrated in figure 3.23. The outputs of this controlies
joint velocities, that are integrated in the simulationiemvment.
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i

Figure 3.23: Image of a stick stick inse¢Carausius Morosusjybout80 mm long and
5 mm thick [14] and sketch of leg kinematics.

The TUM Hexapod

Figure 3.24 illustrates the TUM Hexapod that weighs abouk@&nd can carry
about 5 kg. It uses decentralized leg controllers and sontteedbcal coordinating
mechanisms that will be described in the next section. Thedmtrollers are very
similar in principle to Walknet, including a retract-ankeate reflex. However, this
system is based on state machines, not ANNs. Furthermol&n®taelies on two
phases for each leg cycle, whereas the TUM Hexapod uses four.

3.4.1. The Walknet controller

Behavioural, electrophysiological and neuroanatomiceéstigations led Cruse et
al. [31] to the control structure illustrated in figure 3.2Zhe studies were done
on the motor systems of stick insect’s and these showedtibdeg controllers are
very independent and not directly controlled from a higlexel. Instead, the leg
controllers are coordinated through (six) influences (BgBr25). Schmitz et al.
[164] provide more information about the overall controlsture and Cruse et al.
[32] discuss the special use of positive feedback in the ¢edrollers, as explained
later.

The dotted box in figure 3.22 illustrates a higher level tisahdt necessarily
consistent with biological findings. It is supposed to daliestimates of velocity
and heading (assuming some kind of vision system) as welesdrresponding
commands. However, all the remaining functionality lieshivi the individual leg
controllers and the inter-leg coordination mechanismschHeg performs its own
stepping motion and this, together with the coordinatiorcimagisms, cause the
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Figure 3.24: TUM hexapod, dimensions abduB x 1.0 x 0.4 metre (Lx W x H) [14].

walking to emerge.

Trunk control The trunk height is controlled implicitly since each leg trotier
tries to maintain a specific height. This will also affect #tgtude depending on the
surface. Yawing and longitudinal velocity is controlledliirectly in each leg con-
troller, through the desired velocities (yaw- and longitad) from the supervisor.
In addition to desired velocity and yaw-rate, the supervieo sends a “Walking
on” signal that activates the legs.

Inter-leg coordination

The influence of inter-leg coordination mechanisms (figu®gis stronger between
ipsilateral legs, than between contralateral legs. Noctirgluences between the
diagonal legs have been found. The influences are as folldlys [

1. The start of a transfer phase is inhibited if the ipsikdteosterior leg is trans-
ferring (and up to 100 ms after footfall). This can cause dgmged support
phase.

2. The start of a transfer phase is excited if the ipsilatpasterior leg or the
contralateral leg just entered the support phase.

This can cause a shortened support phase.
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235 1. Transfer phase inhibits start of trans-
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Figure 3.25: Inter-leg coordination mechanisms. L1 is the front left leg the middle
left leg and so on.

3. The start of a transfer phase is more strongly excitedfuttiieer the leg is to
the rear of a supporting ipsilateral anterior leg or coatexlal leg. This causes
the leg to start its transfer phase before the anterior leg.

4. The start of a support phase is “targeted” to occur nexhéo(supporting)
ipsilateral anterior leg. This causes a follow-the-leagtpe of gait to emerge.
Note that this influence also exists between the stick ifssantenna and the
front feet.

5. a) The force of a supporting leg increases if an adjaceneteounters in-
creased resistance.

b) The support phase is prolonged, if the load of an adjaegnincreases.

6. If a foot is placed on top of another foot, the placed footepositioned

slightly to the rear (to avoid stumbling).

The mechanisms 1-3 all produce the same effect: The neamhgtiate re-establishment

of coordination in the case of disturbances, i.e. the méashemnare partially redun-
dant. (Only) mechanisms 1-4 and 5b have been implementechiration.

Leg control

Figure 3.26 illustrates the leg controller that is based &iNA. The three major
components are as follows:
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Figure 3.26: Walknet leg controller. The three major components aretdrece, swing
and selector net. Outputs from the stance net and the swirsge@int velocities. The
selector net acts as a switch that sends either the outpotfre swing net or the output
from the stance to the (simulated) leg joints.
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e A stance nethat controls the leg during the support phase.
¢ A swing netthat controls the leg during the transfer phase.

e A selector nethat switches between using the outputs of either the stagice
or the swing net.

In essence, this is a simple switching controller with déf@ modes depending on
phase.

Selector net  The selector net decides which set of outputs (joint vakeglithat
will be used.

e Theground contac{GC) input excites the support output unit (PS — power
stroke), at the same time as it inhibits the transfer outmiit (RS — return
stroke).

e The posterior extreme position (PEP) input indicates thiattime to transi-
tion to the transfer phase. It excites the transfer outpittamd inhibits the
support output unit. The input comes from fAREP-net that provides a value
proportional between the actual foot position and the tiolesposition. It is
influenced by the coordinating mechanisms (1-3) from thacjt legs.

The output units receive self-excitation (i.e. positivedback) to “lock” into a state.
This was found to be less sensitive than using mutual irbibifrom the output
units.

Swing net The swing net controls the transfer phase of the leg and Grtise
al. [30] showed that to reproduce the stick insect’s transfetions it was enough
with the following:

e Asimple linear two-layer feed-forward rfét with only 8 or 9 non-zero weights.

e Three target position inputs, either from the inter-leg hatsms or a fixed
configuration. These are in turn generated fromt#nget net

— There is no explicit calculation of either leg’s foot positiin the target
net, but the target angles will cause the transferring ldgetplaced next
to the anterior leg’s foothold.

e A nonlinear compensation as a function of the distance taattget position,
to modify the velocities so that they resemble that of thekstisect

2IThis net corresponds to a linear state feedback controller.
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The swing net is able to generalize over a range of untraiilegtions. Extra inputs
are also used to indicate mechanical disturbances, thae@short retraction and
elevation reflex. However, the attraction of the target fimsiwill eventually cause
the foot to move forwards.

Stance net The stance net controls the leg during the support phase.cdie
troller solves the problem of (kinematically) coordinatiseveral joints (not just for
this leg, but for all legs) by using high-pass filtered pesitfeedback [32]. The
high-pass filter results in a velocity feedback, that caus&xcity to saturate instead
of going to infinity. However this approach is not used for thpint, since gravity
would otherwise collapse the robot. Instead, negativelfeeklis used on thé-joint
to servo to a desired leg height (the current leg height immastd by theheight net
).

The commanded yaw rat§, . 7 (yaw), and velocity,v,.¢, from the supervisor
are also handled in this net. Note that it is not necessarg engithing special with
these commands before they are used in the leg controllers.

e The yaw motion is controlled with a negative feedback cdivedhat is added
to thea-joint feedback signal (the sign is modified, depending andide of
the trunk).

e The velocity is controlled using negative feedback, whéee @rror signal,
Verr, 1S SENt through the function

1+e >0
y(e) = 1

e e<0

and then multiplied with the channels providing feedbaakdf@nd~ [164].

Because of the use of positive feedback, special care is takavoid going back-
wards. This is done by replacing the sensejint velocity with a small value if it
is too low (or negative).

3.4.2. Summary and discussion

The motion is kinematically driven in Walknet, but emergtatn the individual leg
controllers, since each leg constitutes a nonlinear asaillthat repeats a stepping
motion. A special feature in this controller is the use of lpass filtered positive
feedback, to achieve coordination between legs and joirtis should also reduce
the problems of large constraint forces, but that has nat baalied. However, it
is necessary with the negative feedback infheint to resist gravity, as well as a
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threshold on thex-joint to prevent the robot from going backwards. What would
happen if the robot was supposed to walk on an inclined plane?

Balance is not considered explicitly, in fact the simulateldot sometimes falls
and manages to rise without any knowledge that it has agttalen. The support
pattern emerges into a tripod or tetrapod gait dependingp@itocomotion velocity,
through the combination of inter-leg influences and leg icolets.

Performance

This controller has really only been tested on a simulatéd$d, but the inter-leg
influences have been used successfully by several otheisrobo

223ee http://www.uni-bielefeld.de/biologie/Kybernetiég¢earch/walk.html for some nice animations.

98



4. Analysis

The questions that we have tried to answer with this studybeaitally be phrased
as follows

How does the control of existing legged machines work andtwiha
any, are the common principles?

We have attempted to look beyond the implementation andizaedaspects of these
machines as much as possible, with the intent of solely stgdheir actual control.
Furthermore, we have tried to focus on how locomotion is geted, not on how the
controllers have been designed.

To try and answer these questions, we have performed aliterstudy, where
we have studied several legged machine controllers bragily,a few in detail. The
selection of the machines studied in detail, has been dofisptead” the views
and get a good overview of at least seemingly very differemtrollers. There is
of course no guarantee that we have covered the entire gpeofrcontrollers for
legged machines. Examples of very well known legged masttima have not been
covered in detail are Raibert’s hopping robots. There i3 dkatively little coverage
of bipeds.

A drawback with doing a pure literature study is the diffigul obtaining all
the necessary information in order to do detailed compasistt might be argued,
and with good reasons, that this kind of analysis requiréaildd simulations and
experiments to produce valid conclusions and results. ttriately, this must re-
main a candidate for future work as it has, for practical eeasbeen well beyond
the scope of this work.

The problem of controlling legged locomotion is discussedtr{section 4.1),
followed by the results from the literature study (sectioB)4nd finally a summary
and discussion (section 4.3).

The survey by Eriksson [39] covers a lot of bipeds.
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4. Analysis

4.1. Problem analysis

Studying how the control of a legged machine works is a corpteblem with lots

of different aspects. Here we will first discuss it (and naribdown) in terms of

goals, then in terms of compliance and damping, followeddmyrdination and slip-
ping. Finally, the aspects for analyzing the problem andmaming control systems
are decided upon.

4.1.1. Goals

In order to look at a control system and evaluate its perfoceaone must take the
goal of the system into consideration. For legged machihesgoal is not always
obvious or unique. Instead, the goals are often conflictiruy &s:

Move from one place to another as fast as possible in thetsatamer
possible.

If we look at TITAN Il (section 3.1.1) and the ASV (section2), their goals can
be thought to be that the trunk should follow a given path ajetitory. If the goal
of the machine is to move approximately from one locationrtother, generating a
detailed path might be a waste of time or unnecessarilyicgsty. Another question
is whether it is important to track a desired trajectory Iyeadell, or if it is just the
end result that matters. One argument for having a gooditrggerformance is
of course that there might be obstacles that have to be aloilesimple way to
specify goals could be as follows:

e The goal is to travel from one location to another. This calib be further
divided:

— Little or no importance is placed on tracking performance.

— High precision tracking is required for avoiding obstaadesnachining
operations (drilling, milling etc).

e The goal is to explore; i.e. wander around and cover an arksaigesas possi-
ble.

It is of course not necessary to specify a desired trajetolgly in spatial terms.
The concept of impedance control might very well be appléd tlesired trunk tra-
jectory, thereby also specifying the dynamic behaviouhefttunk when subjected
to disturbances (a human giving the machine a push).
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Navigation and planning Is navigation a part of the legged locomotion con-
troller? This could be considered the case if a map of thaiters known, allowing
detailed planning of footholds etc. Is this planning thert pathe controller?

e To solve a task like jumping over an obstacle, it would seend@nt to plan
ahead.

e For other tasks or gaits (i.e. at high speeds) it also makesege plan ahead
and be confident that the task is achievable before attegiptin

e However, for other “gaits” (e.g. statically balanced) itpisssible to take it
step by step and back up if necessary, thus reducing the aepthfining.

In our analysis, we have assumed that no more than short tarmipg is included
as part of the legged machines controller.

Additional goals  There are also goals that are more general for autonomous
robots:

e Safety

e Performance

e Fault tolerance

e Mission completed

We have found very little information about this in the refieces and it seems to
be a field that needs a great deal of work. It has therefore een ncluded in this
study.

4.1.2. Compliance and damping

In reality, there is always some compliaA@nd damping in the combined system
of robot, environment and controller. A few sources of darg@nd compliance are
as follows:

e Soft surfaces (soft soil, mud, sand etc)
e Flexible links or rubber pads
e Compliance in the control (“weak” position controllers,padance controllers)

2Gao and Song [45] point out that the stiffness of the systeistritlutes” the force even in the
“statically indeterminate” cases.
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Some examples of possible disadvantages with compliartdamping in the sys-
tem are as follows:

e Weak links can be more difficult to control.
e Reduced bandwidth.

e Reduced energy efficiency due to damping.
e Resonance phenomena (i.e. chattering).

On the other hand, there are also advantages:

e Compliance accommodates position errors (in positiordasntrollers).

e Compliance stabilizes force control during intermitteomtacts with hard sur-
faces.

e Compliance smoothes out impacts and reduces shocks (dootfgll).

We believe the latter point is important for stability (esiadly for position con-
trolled systems), even though it is rarely mentioned.

The question of advantages and drawbacks with complianeetiglly very
complex. As far as the analysis is concerned, the questidntii® compliance
and damping can be ignored as a major reason for why/how thet kealks or
runs? When it comes to hopping robots, it is very obviousitr@tnnot be ignored.
Raibert's hopping robots and others [2] exploit the comqul@&to reduce energy
expenditure. In a case like TITAN lll, we assume that dampénonly necessary to
damp out bouncing and accommodate position errors. TITAKbVInstance uses
large damping soles to facilitate better performance agirar ground.

If a combined stiffness/damping controller or an impedarweatroller is used,
the question of the importance of the compliance is paytiminsformed into pa-
rameter dependency. In many cases it should be possibléntr @nore the robot
and the environment’s compliance or include it with the ooligr's compliance.

In essence, we have tried to ignore this aspect due to lachtaf dut it should
require more study in the future. We believe this is an imgurispect regarding
overall system efficiency and stability, not merely abowtidwg footfall chattering.

4.1.3. Coordination and slipping

A basic aspect of walking is that we are mostly interestecintrolling the motion
of the trunk. However, the machines have no actuators ta@ahe trunk directly
and therefore have to rely on gravity and limb motions. Orother hand, with more
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than one supporting limb, closed kinematic chains ariserwthe legs are assumed
to be connected to stiff surfaces by universal joints. Tadlathe new constraints,
we address the problem obordination The term is in general [122] defined as

the harmonious functioning of parts for effective results.
The walking community uses the term in different meanings:

e Coordination of joint motions within a limb: intra-limb codination.
e Coordination of motions of all limbs: inter-limb coordimat.

e Coordination of leg motions to achieve good (smooth) fdistfaithout chat-
tering and large forces/impulses.

e Coordination of trunk motions with respect to the limbs cg #nvironment
(follow a path, avoid obstacles, constant velocity etc).

e Coordination of ground forces; avoiding too large vertiftates that cause
sinking, or too small that cause slippage.

One reason to handle coordination is to avoid large comsti@ices within the kine-
matic chains. These could cause slippage (or worse, mactdailures). As dis-

cussed in the previous section, compliance is good in thiseseAs to the problem
of slipping, we do not always believe this is necessarilyical. In fact, we have
seen dogs run (chasing a Frisbee), slipping constantlystlhé@chieve their mis-
sion (catching the Frisbee). On the other hand, when dogsiplarsd fall they

rarely have any problems standing up again... There arevevwher reasons
why slipping could be bad.

e Bad energy efficiency.

The foot may leave its working range too soon (sooner thamgid).

When using pure position control, this could cause unwayésdmotions.

e Dead-reckoning becomes very difficult.

Unexpected and jerky motions could occur, thus disturbirghing opera-
tions or causing mechanical stress.

e Cause damage to the terrain.

However, we do not consider this explicitly further, butteeed focus on the aspects
described in the next section.
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4.1.4. Reducing the scope of the problem further

In addition to the problem of insufficient data in the referesy there is also the
question of what data is relevant. Where should the line berdlibetween the con-
trol system, the robot and the environment? Consider thet folFAN III (section
3.1.1), that uses a sampled control system at the lowest |dyés system imple-
ments (among other things) a P-controller that generates\D{Gr voltage based on
a position error. What approximations can be made?

e Can the dynamics of the DC motor be ignored?
e Can the dynamics of using a sampled control system be igRored
e Can the DC motor be considered a perfect velocity servo?

e Can the P-controller and actuator be considered a perfetigposervo?

To answer these questions or to at least (approximatelylvatetassumptions, in-
formation is needed about controller bandwidths and respdéimes. This type of
information is rarely available in the published papers anight not even ever have
been measured. In practice, we have therefore assumedhbatayjoint is reported
to be position controlled, this is achieved sufficiehtiyell. Furthermore, to achieve
a higher level of abstraction, we have “defined” ideal inparid outputs for a cen-
tral part of each legged machine’s controller. In the casél@AN IIl, we decided
that the ideal output of the controller was the position obetf Here we have as-
sumed that the subsystem (consisting of sampled P-ca{rBIC motor and gears)
achieves a perfect position servo. Note that we have al$oded the inverse kine-
matic problem of transforming foot position to joint anglaghe position servo.
In short, the framework and limits of what to study was chaaefollows:

e If short-term planning of trunk motion exists, it is the hgift level of the
controller.

e The output of commands to the actuators takes place in theskdavel of the
controller.

Typical examples of ideal inputs are, desired path, desiedokcity or goal point.
On the lower level, we have tried to abstract “upwards” ab@TITAN Il example
above.

3].e., we assume that there are no “side effects” that areritmpioas to why or how the system walks.
“Long term planning is beyond the scope of this survey.
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Assumptions, reduced scope and focus of the problem

To further limit the scope of the problem, we have chosen tstipagnore the

part of the control that is responsible for leg control dgrthe purely transferring
phase. Only some information about generation of leg reterdrajectories have
been included in the detailed examples. However, we do nwider the control of
transferring legs a trivial task for several reasons:

e The base of the leg (the hip) is in general moving.
e There are in general temporal and spatial requirementseofodtfall.

e There might be (known or unknown) obstacles or other spatiaktraints
(workspace limits).

e The position and characteristics of the surface with redpebe leg is mostly
unknown.

In order to “decouple” this problem, we have made two assiomgt

e The motion of a transferring leg does not affect the trunkégiom.
e The motion of the trunk does not affect the motion of a tramisfg leg.

If the legs are massless (a common assumption) or very ligatfirst assumption
is probably valid, but this is not always the case. Consid€AN IV, where it was
reported that the motion of the transferring legs had a etging influence on the
trunk motion at high speeds. There are also controllersdesgassive walking)
that include the limb dynamiés

The second assumption requires a very robust leg contiolEnder to be valid,
but we believe it is a reasonable assumption when using &tamce high-gain po-
sition control. On the other hand, we also believe that theadyics of transferring
legs could be importafitand exploited. Unfortunately, we have not been able to
include this in the analysis, that instead has been focused o

e The control of foot placement (selection of footholds).
e The control of leg sequence.
e The control of the trunk motions through the supporting legs

50ne method to take the limb dynamics into account, is to feektcs footholds and then plan the
trunk motion so as to maintain the ZMP within the support area
5We believe limb dynamics are important for energy efficeboy,perhaps also for stability.
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Analysis and comparisons aspects

To bring some kind of order and structure into the analysishave in addition to
limiting the problem, decided to focus on a few differentexstp or subproblems
(remember that our aim is to try and understand how the citetfoeally” works).

e What determines the machine’s balance?

e What determines the machine’s motion, as seen from theadtants perspec-
tive?

¢ What determines the machine’s support sequence? (footfeddattion and
sequence) What causes leg phase transitions?

e What, if any, “reflexes” are used?

The above questions have been chosen with the purpose difdildframework
of questions suitable for most of the control structdreBhere are of course other
aspects of comparisons that we have not concentrated on:

e |sthe control structure distributed or centralized? Howithe implemented?

¢ Is the control structure flat or hierarchical? Is the dividd aonquer strategy
used? How is it used?

e What principles are used for control design?
e What principles are used to represent information — exgdicimplicit?

4.2. Analysis results

The results from this literature study are divided into tveatp. The first part com-
pares and analyses the examples described in sectionsd3atedrding to the four
questions just described. In the second part, common plasxand methods are
discussed, but categorized in a different way, with the psepof guiding the reader
to further references. This part is based both on the exanapid on the more brief
studies of several other controllers and miscellaneousartes.

4.2.1. Comparison of examples

This section compares the control of the different examypids respect to the fol-
lowing points: motion, balance, support sequence and exflas discussed in the
previous section.

’I.e. based on the brief study of several controllers.
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TITAN 1V is not discussed explicitly in this section, becauke controllers of
TITAN VI and TITAN IV are structurally very similar. For theasne reason, RAL-
PHY, SAP and BIPMAN will not be included in this comparisorgchuse their
controllers use principles similar to that of the ASV. Fertimore, the version of TI-
TAN VI's controller that we compare in this section includhe tsky-hook suspension
algorithm.

The control of Thing that is used in the comparison assumasngnually de-
signed supervisor. See the corresponding example sedbortetails and more
information about how TITAN IV compare to TITAN VI etc.

Balance

The brief study of several walking controllers showed thatfour “balance meth-
ods” described below were approximately uniformly disitésf. The question we
will try to answer can be phrased as follows:

How does the machine maintain balance?

The answer varies from machine to machine.

Not considered explicitly Walknet does not actively control balance, but relies
on a wide base of support and “luck”. More accurately, thafed is an emergent
property of the inter-leg influences, leg controllers angigits of the system. Not
explicitly controlling balance is a seemingly simple st to implement, but mdy
require careful parameter tuning or training. In the caspassive walking, the
parameters that have to be tuned are both initial conditmasphysical parameters
(link lengths, masses etc). In general, the overall kinemmainfiguration (e.g. a
wide base of support and a low centre of mass) is of coursérafsartant. There are
actually several systertfthat walk without any behaviours or subsystems explicitly
responsible for balance.

Static balance  Another common method is to use a static balance strategy.
Thing does this by having a behaviour responsible for stalance active all the

8We suspect that the strategy of static balance is the mosneormethod today. The selection of
controllers we studied is probably not a good “random” selec

®We have found that it is sometimes (in simulation) very easijrtd parameters that result in dy-
namically balanced walking.

OMechanical toys without any control at all is one example.
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time (in parallel to the other behaviours). Since Thing altlyuwalks very slowly,
this is probably a rather well suited method.

TITAN 1l explicitly plans motions to satisfy a static balem criteria, but the
attitude reflexes that modify the reference positions fer fiet probably play a
large part in achieving a good balance.

ZMP balance To go to a more dynamically adapted version of the staticricala
strategy, people have used the ZMP to do planning of trajestoThis is the strategy
used by TITAN IV and TITAN VI, although they use slightly diffent algorithms.
A drawback is that the ZMP criterion is only really valid foralking on planes.
Furthermore it is only a necessary criterion (and not seffi)i that the planned
trajectory is realizable and “stable”. Here the machineswable to walk, so balance
was maintained, but this was not guaranteed by the ZMP icniterThe fact that
there were four-legged phases during the gait probablyekaipaintaining balance,
but it is difficult to say with any certainty.

Force distribution The sky-hook suspension used by TITAN VI is an algorithm
that explicitly controls balance by its virtual spring/daen implementation. The
output of the algorithm is a desired force on the trunk, thalistributed between
the supporting legs. On TITAN VI, only the vertical force wdistributed, so in
that sense one can consider it a specialized version of thadeservo on the ASV,
where the legs use force control in all three directions. AR/ algorithm can
be described as generating a desired acceleration on thle foam position and
velocity errors, that is subsequently converted to a fontktarque to be distributed
among the supporting legs.

A drawback with force distribution methods is that they aoenputationally
heavy.

Support sequence

What causes the support sequence? In what order are thesked® u

Emergent support sequences In Walknet the actual sequence in which the
legs are used emerge from the inter-leg influences and theolegollers. The gait
emerges as a tetra- or tripod gait depending on the speedirdias” for leg coor-
dination are in that sense very distributed. Footholds elected using the follow-
the-leader strategy.
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In Thing, the leg sequence is also implicitly encoded (indtgervisor feedback
map). The manually encoded map implements the crawl gaitstanalard leg se-
guence, but if a foothold cannot be found, another leg is.usedtholds are selected
individually as solutions to optimization processes ofisthalance, manipulability
and obstacles such as edges.

The emergent solution is elegant in the sense that the gaitges from either
the individual leg controllers, or the combination and sewing of several con-
trollers. Another example of a robot with good performanceiroegular terrain
using leg behaviours is the hexapod Robot 11 [148]. A drawhaith these methods
is the difficulty in enforcing or guaranteeing specific faatlts and leg sequences if
necessary. As an example, consider the case when a mapweéal{or forbidden)
footholds is known (walking in a minefield. . .).

Algorithmic support sequences Purely algorithmic methods to generate the
support sequence are used by the TITAN’s and the ASV. The A&Valigorithms
for several gaits, the TITAN Il essentially use the crawitgad TITAN VI use the
intermittent trot gait. These methods work, but require patational power and
good information about the environment to do the plannirgogfely. This kind of
planning problem can be really difficult.

Sometimes the planning problem is avoided and the leg sequrd the footholds
are fixed, as in SAP. This is actually used in several maclfbipseds, quadrupeds.. .),
but we believe it will not work well over a large range of spgedor on irregular
ground. On the other hand, it does allow the system to walkowit solving the
planning problem and is therefore at least useful in theyesaiges.

Motion

What determines the machine’s motion, as seen from the altamnts
perspective?

The motion of the robots are generated in the different exesmgs follows below.
We have chosen to separate the cause of motiorkinematically driverandforce
driven

e With a kinematically driven controller, we mean that thenkkumotion is con-
sidered (by the controller) to be caused by the (spatialjanaif the limbs.

e With a force driven controller, we mean that the trunk moti®rconsidered
(by the controller) to be caused by the forces applied torthwktby the limbs.
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The ideas here are very close to position controlled, veiamage controlled. How-

ever, we have chosen not to use these terms to prevent us &iowgp too restricted

in our thinking. Otherwise, we might only think of force cauited legs and forget
impedance control or some kind of hybrid leg control scheiméact, leg impedance
control might be used both by a kinematically driven and adadriven controller.

The important point here is how the controller generatesdference signals to the
limbs.

Kinematically driven control Most legged machines today can be considered
kinematically driven. Among the detailed examples we haMaiknet, Thing, TI-
TAN 1lI, TITAN VL.

TITAN Il uses a method that now has been around for a long:tiro®t refer-
ence positions are calculated and planned so as to prodeiciesired trunk motion
by solving an inverse kinematic problem. A drawback witls thiethod is that rather
accurate information about the terrain is required. Howeauaepractice, the method
is made more robust by the use of low level reflexes.

TITAN VI also uses an inverse kinematics based approachhéxg the trunk
motion is modified so as to keep the ZMP within the supportepaitt

Thing also uses inverse kinematics to go from trunk motiathhéomotion of the
feet, but there is no planning, the trunk motion is taken agytladient of a harmonic
potential. The cause of the motion is actually a bit spesiaice one can think of
the trunk as “pushing” a transferring leg ahead of itself tu¢he manipulability
measure. Similarly, the trunk can be thought of as “pushédéad by the supporting
legs, to achieve the best manipulability measure underti@nts such as static
balance.

All three machines (TITAN IlIl, TITAN VI and Thing) use a ceatized, top-
down approach: The motion is specified for the trunk and utedygh inverse
kinematics) to jointly control the foot motions. Walknet dre other hand, uses
separate, individual controllers for each leg. The highsdédtered positive feedback
achieves coordination among the legs and avoids builduptefrial forces (avoids
slipping etc).

Another question about the motion is related to the goal efrttachine. Is
it important to follow a specific trajectory? If precise tkawy of the trajectory is
required, explicit methods like the one used by TITAN Il betASV (described
next) are probably better suited. In Thing, Walknet and TN, it is difficult to
specify a precise trajectory that the trunk should follow.
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Force driven control The trunk motion of the ASV is considered to be caused
by the force that is applied to the trunk by the supportinglégom a desired trunk
motion, a desired force on the trunk is calculated that isegbently distributed
as reference forces to the supporting legs. The supporigg) dre thus modeled
as force generators on a higher level. Note that this cdetr@ also responsible
for the balance, i.e. balance and motion control are solyedrne and the same
controller. The main drawbacks with this method are thatéomputationally heavy
and requires leg controllers capable of delivering therdddiorce. Furthermore, it
could be difficult to achieve the required force tracking daiulth.

Reflexes

All of the methods above use different kinds of refléxe® improve the perfor-
mance. Sometimes they are even a necessary part of thelmynduring normal
operation. All of the machines have some kind of behavioat thaintains ground
contact. Different methods are used however. For instan@&N Il uses a contact
switch to modify the vertical component of a foot'’s referemosition. The ASV on
the other hand maintains ground contact through force cbntr

Another reflex that most of the machines use is to retractedenvhte a leg when
it strikes an obstacle. There is of course an inherent pnob¥éh this reflex, when
it comes to judging what the difference is between an obsstaetl the ground. In
Walknet, they recently added the method of using the relginsition between to
adjacent legs to “decide” if the obstacle is to be avoidedseduas a foothold. We
do not know if the ASV really has a reflex for this behaviourt iuidoes plan the
motion of the transferring legs so as to avoid the other legs.

TITAN 1l and Thing have reflexes for finding suitable foottsl by avoiding
footholds close to edges. Thing is also a bit special in gégnsince one could view
the entire controller as a set of reflexes (low level cordrell that are activated in
sequences.

TITAN IIl and the ASV have a more global reflex for emergendieat stops
the machine. In TITAN lll, if something is not as it shotddthe entire machine
is simply stopped. The ASV uses a more advanced method. Whemargency
occurd?®, the current motion plan merely continues to execute, stheeplanner
always maintains a plan to halt the vehicle at the end of theentimotion plan.

In general, reflexes are often used to maintain balance.nstarice, TITAN Il

1By leg reflex, we mean a relatively simple behaviour on the leg

12 typical example is that a foot has not acheived the supgwse in time.

13A typical emergency in case of the ASV is that the force distiion algorithm fails to find an
acceptable solution.
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could be said to use leg reflexes to control the attitude aedconld also consider
the balance servo in the ASV and TITAN VI as an advanced reflex.

Reflexes seem like a useful way to increase the robustnebg sfstem. Con-
sequently, it might be wise to study animals (and other cfiets) to see if there
are any additional low level behaviours, or reflexes, thaldtbe useful for legged
machines.

4.2.2. Common solutions

This section is divided according to classes of methods amtams a lot of ref-
erences to help the reader find more detailed informatioralsti tries to give an
indication as to what the trend is; in what direction the agsk is heading.

Generation of reference trajectories

Algorithmic methods for motion planning based on staticabak criteri&* have
been used for a long time. Early examples are Hirose et gl6[66G2].

Lee and Shii [104] describe how a graphical method can be tasddtermine
gait parameters and Kumar and Waldron [97] describe a mddifeve gait that can
be used as an adaptive gait. For information about a freeatguotrithm, see for
instance Song and Chen [173]. Graph search is another mtthbid used by Pal
et al. [136, 137] to plan free gaits for quadrupeds and hedapo

Zhang and Song describe a turning gait for a quadruped [35{rengeneration
of adiscontinuous gait is discussed by Gonzalez de Santbdimenez [34]. Similar
methods for gait planning can be found in the references8288, 135, 138, 204].

A modern method to plan free gaits (based on ordinal optitimiziis described
by Chen et al. [19]. Yang and Kim [204] also discuss a recerthatkfor robust
hexapod gait planning that allows a fault in one leg to occur.

It is interesting to note that none of the references abomago any biped ex-
amples. We assume the reason for this is that static balametatively rarely used
by bipeds.

Bipeds often use model based planning by typically assumingual inverted
pendulum(VIP) [89] (quadrupeds too [38, 205]). Since a leg is morewflike a
double pendulum, local feedback laws can be used to mak®ltind behave more
like a VIP [43].

“The static stability margin is related to static balance, there are other stability indices such
as posture stability measures (indicates resistance siggiping), see for instance the reference
[182].
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In contrast to the methods above, coupled oscillators hksee een used to
generate motion references. Golubitsky et al. [49] dis¢usg networks of cou-
pled oscillators (models for central pattern generato®GY) can be used to gen-
erate the gaits (i.e. leg phases). The method includes ‘#rhgait transitions for
quadrupeds, but can also be generalized to bipeds, hexapodBhere is of course
also earlier work on more or less the same theme: Collins &gt [27], Collins
and Richmond [26] and Zielinska [213]. Instead of using s&vescillators to gen-
erate leg phases, Venkataraman [189] suggests using amlysaillator and variable
time delays as a model for a CPG.

Reference trajectories can of course also be learnedneff-lising genetic al-
gorithms as by Kawaiji et al. [91]. Here rhythmic referenagectories are learned
for their biped’s hip and the transferring leg. AlternalyyeStitt and Zheng [177]
have used ANNSs to directly learn the joint trajectories fogit biped SD-2. They
used an internal model of the robot’s dynamics, so thatlgtabieasures then could
be used as feedback to the network during training. Ilg anth®f3] have used
reinforcement learning to train the ANNSs controlling thexaieod LAURON for leg
transfer, support and coordination. Berns et al. [13] hdse @eported the use of an
adaptive backpropagation for learning on the same robot.

Similar to this method, Shih et al. [168] use pattern paraned trunk motions
to find suitable biped motions, by studying the trajectorthef ZMP. They use eight
pattern parameters and inverse kinematics in the trajeg®neration. During the
generation, they vary the parameters to see how the trajeatéhe ZMP changes.
Later [171], they optimize the trajectory by changing thenk motion, in order to
keep the ZMP at the center of the support area.

This method is now very close to the one used in TITAN IV, TITAMN(see the
corresponding example section) and other machines, whemaotion of the trunk
is generated so as to the keep the ZMP within the supportrpatte

A trend within finding reference motions seems to be goingatos solving
two-point boundary-value problems (TPBVP), where the iagh find feasible re-
peating trajectories for one step using optimization asudised by for instance Virk
et al. [192]. Roussel et al. [162] also work with TPBVP, foriahthey assume
piece-wise constant control inputs and try to find energynugitbiped trajectories.
This method relies on a good model of the entire system, sirec&lea is to solve a
shooting-problem and each “shot” requires simulating dep.s

A novel method to plan the motion is discussed by GoodwineBamrdick [50],
without explicitly planning footholds. It is based on anengion of trajectory gen-
eration methods for smooth systems. The outputs are thetjajectories (no in-
termediate calculation of spatial motions), but the resale as of yet limited to
quasi-static walking. In a later work [51] they also defimanlinear gait controlla-
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4. Analysis
bility for a legged robot to mean if a specified gait allows movenreahy direction.

Control methods

A lot of control methods are used. In addition to the standerels such as PID and
local linear state-based feedback [169], more advanceldadstare also used.

Tzafestas et al. [185] do a detailed comparison of slidinglenand computed
torgue control on a 5-link biped. They found that the slidmgde control gave
better results for all their test cases, especially wherptrameter uncertainty in-
creased.

Other examples of advanced control methods include gaedstimg and fuzzy
logic as used by Shih et al. [170]. Osuka [134] use gain sdhegto control the
Emu robot to do sitting up and down. The interesting poinhat they give some
stability results based on a Lyapunov theorem (assuminghbacheduling param-
eter varies slowly enough).

A very recent control method is closely connected to the WsMP to do
planning. Sorao et al. [175] present experimental restdts their biped controller,
where the ZMP is controlled on-line. The algorithm first gebes a ZMP trajectory
based on an arbitrary trunk CM trajectory using fuzzy lodibis ZMP trajectory is
then controlled directly on-line.

It is quite common to use different controllers for differgrnases. A problem
with using switching control strategies is that it is diffiicto guarantee stability, but
Zefran and Burdick [211] discuss an approach to stabilizeliegum points in this
case. The stabilization of periodic orbits (as is the casavédking) is still an open
question according to them.

A problem with the control of walking robots is that the feeayrslip or leave
the ground. Genot and Espiau [48] discuss a control syr#thesihod for computing
torques that incorporates this aspect. A foot can be foroddave the ground, or
ensured that it remains (i.e. horizontal forces are kepeoaugh based on a friction
constraint). The input to the method is an admissible mdtoapecific body points.
They do point out that the algorithm does not in general yidigsically realizable
torques, as well as difficulties with finding admissible roos.

This leads us to the classes of methods for doing force lligkon where the
control explicitly considers the forces at the differerdtfe

Force distribution methods

According to Lin and Song [108], there are two types of forggribution algo-
rithms: compliant and rigid. A compliant algorithm is used®ao and Song [45],
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4.2. Analysis results

where they calculate the force distribution that (alwaysjuss due to the natural
stiffness of the machine, actuators and environment. Tloéy put that the elas-
ticity of the structure will always distribute the forces statically indeterminate
cases. Furthermore they point out that this only allows-resoltant force fields to
be added as force distributions.

Rigid force distribution algorithms do not consider theteys's elasticity and is
much more widely used. Vertical force distribution was uakdady in the begin-
ning of 80’s on the OSU Hexapod, as described by Klein et &8]. #d some other
early work is described in the references [46,47,92, 96].

Force distribution algorithms are still actively reseadhin terms of making
them faster and more efficient. Recent work includes usingACMfor hybrid
force/position control (Lin and Song [109]), quadraticiopzation (Marhefka and
Orin [114]) and a Compact QP method (Chen et al. [21]).

Force distribution is difficult to implement, since it is cpatationally heavy
and requires force control. A more theoretic problem is howdécide on which
force distribution is the most appropriate at a given oazasiMost methods rely
on solving an optimization problem, but that still leaveswith the problem of
selecting cost function.

Higher level control

Higher level control and selection of strategies is reaflydnd the scope of this sur-
vey and only three will be mentioned. We have already briefntioned the Real
Time Criteria and Constraints Adaption (RTCA) architeet(section 3.2.3). The
higher level strategy is based on classifying the curréoaigon to select different
constraints for the force distribution algorithm.

Partially related to this (and based on a very similar basitrol structure) a
rule-based real-time reasoning system is used to selechdayat parameters on-
line [143]. A typical example is to detect slipping and alg@rameters and be-
haviours in order to deal with it.

Another example of a higher level approach uses a paraltelank (BeNet)
of Real Time Augmented Automata (RTTA) [132]. It is used togate motion
patterns from action generators that control the hybridlouzed Ballboy.

Analysis and simulation methods

Detailed analytic analysis is difficult, if not impossibler complex systems such
as legged machines. Some results have however been demestly based on
return maps and focusing on hopping/bouncing machinesaiaket al. [187],
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Ringrose [161], Berkemeier [10]). The results have shoved the systems are
sometimes asymptotically stable under different conditicAs an example, Berke-
meier [10] has been able to derive and compare some stake#iijts for a simplified
model of quadruped bounding versus pronking. His resutticite that the system
can be passively stable when designed with the proper paeesnélote that this is
similar to passive walking, but that local feedback comgrslare used in Ringrose’s
and Berkemeier's work, so there is control at a local levede Tmportant point is
that they have showed that even without a global contrdlfer,overall limit cycle
is asymptotically stable. This was of course not a big saeprconsidering passive
walking.

Due to the complexity, very little is done with pure analyéicalysis and sim-
ulation is thus required. Methods for doing simulation éass also a subject that
is being actively researched, by for instance McMillan amch@.19]. Today real-
time simulation is even possible, Lee et al. [103]. Wong amih ®ave even sug-
gested [203] using faster than real-time simulation as pfthe controller when
jumping over obstacles.

Intermittent control — hopping

The control of Raibert’s hopping robots [149] has not realen discussed in this
report. Other hopping robots are the CMU “Bow Leg Hopping &bHL6,212] and
the McGill SCOUT-robots [17].

The common aspect in the control of these robots is the fatttliey are con-
trolled intermittently, in the sense that control is onlyhlgd once every cycle. This
is typically done by selecting the angle of the leg(s) atfedbt In this way, they
could be considered aiming to do control on the return-megl.I& his kind of con-
trol is also researched (in theory only so far) by Saranlidikszhek, Schwind and
others [163, 165].

4.3. Summary and discussion

This report is based on a literature study of legged mactonéral systems, where
over 20 controllers have been studied briefly, and s&viendetail. The controllers
studied in detail have been described, compared and adalypeder to understand
how they work. Additionally, common principles and methddand during the

150r more, depending on whether you count two controllers wiittually identical structures as one
or two controllers.
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study have also been briefly described. However, early istindy we encountered
a problem:

How much of the walking is part of the controller and how mushai
part of the physics (c.f. passive walking).

Since this is a literature study, we have tried to handlelihifirst “abstracting” the
controller from the system and then trying to understand homorks. We have
therefore had to assume that the major cause of walking ligsrnwthe controller,
and not with physics. As a consequence, we have more or lessohexclude
passively walking systems and hopping robots (becausdgshigsso important in
these systems). However, we find it interesting that evenghalynamic effects
have been more or less neglected, we have still succeedawtiaratanding many
controllers. This might of course just reflect the relatvainall part physics play in
todays controllers.

The control structures that we have studied are not exaoysame as what
is computer controlled. Instead, we have tried to absttaetsistem by defining
ideal controller inputs and outputs. Here we encountereithdu problems, since
different controllers rarely use the same kind of inputsttiiermore, the details of
the input (or goal) was rarely described in détilHowever, we have during this
study concluded that it is important to have a well definediirgr goal. Especially
for the purpose of comparing different controllers anddtrtes. Furthermore, we
have come to the conclusion that some focusing questionesm@ssary in order to
effectively compare and understand the different corrsll The questions we have
chosen dealt wittbalance generation of support sequenageneration of motion
andreflexes In our opinion, these questions served their purpose well.

Balance Only two methods that were specifically aimed at maintairfiatance
were found: static balance and trunk force control. A lot afcimines do not explic-
itly consider balance. Instead, they rely on parametemngyriraining or learning.
However, reflexes are also commonly used to help maintasnbal (typically the
attitude/posture).

Reflexes The retract-and-elevataeflex (i.e. if the foot hits an obstacle in the
transfer phase, it is moved backwards, upwards and therafdsragain), is one ex-
ample of a useful behaviour. We believe it is worthwhile toarporate some of the
commonly used reflexes in both our walking robotaR#1 and walking machines

18Sometimes the system did not even have a well defined inpuadr g
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in general. Further studies of reflexes used by animals ayggetemachines would
probably also prove worthwhile.

Support sequence  The support sequence was often generated using algorith-

mic methods (some of which considers the balance), or emefgen individual
behaviours.

Motion  The cause of the trunk’s motion (as seen from the controllag not easy
to classify. However, we believe a classification into kimgically driven and force
driven systems is reasonable, if perhaps a bit too simpléh thé term kinematically
driven controller, we wish to emphasize the fact that thekisimotion is caused by
the kinematic motion of the legs. Whereas in the case of fdrien motion, the

controller explicitly considers the force that the legslgmmto the trunk.

4.3.1. Discussion

Although methods for calculating support sequences, di@jg generation, static
balance and ZMP etc etc are widely studied in the literatwes have found very
little research on stability of legged machines. In facgrethe concept of stabil-
ity is very loosely defined and mostly based on the concepsyihatotic stability.
However, that requires knowledge about a desired system (tialimit cycle) and
it is rarely obvious what this state should be. We therefelebe the term stability
needs to be defined. Our impression is that the term todayed tasmean the bal-
ance of the system, i.e. preventing the machine from fallikpther way of saying
that we need stability is saying that ensuring goals suchfesys performance, fault
tolerance and mission completed needs a lot more research.

From a safety aspect, the emergency halt system of the AS¥sslie a very
good idea. Similarly, the idea of faster than real-time dation as a sort of imagi-
nation, preventing the robot from doing stupid things aksenss like a good idea.

Trends

One trend that we observed within this literature study & fbrce distribution is
actively being studied again. Another trend is the use ahfdating “two point

boundary value problems” (TPBVP) and solving them with axbeéal methods to
find reference trajectories and/or control signals. Thesthaus are deliberative,
but the use of behaviour-based control is also becoming papalar.
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Biology keeps influencing the research and coupled osmillatethods are no
longer limited to outputting position references, but wdkso joint stiffness param-
eters in an effort to imitate biological actuators (muscles

Impedance control and other advanced control methods smdatoming more
and more popular.

Benchmarks

One problem we encountered when trying to compare diffezentrollers was that
we could not find any results (experimental or simulated)reipeincipally different
controllers had been used on the same machine. Itis not eggriefind results for
robots solving the same task.

Or, conversely, cases where the same controller has bedrongtifferent ma-
chines. It now seems obvious that we need benchmarks foedegwchines, al-
lowing us to do cross-comparisons between machines andotierg. Not just
controllers with different sets of parameters, but alsacsurally and principally
different controllers. We therefore believe there is a nieedenchmarks, that al-
lows us to quantify aspects such as balance and robusthés®f tourse not very
easy to come up with good benchmarks, considering that ¢eggehines vary not
only in physical dimension and actuators, but also in kingr@onfiguration and
the number of legs. A beginning would at least be to define tmmacks for a given
machine and testing different controllers on that machilrethis case, a simple
benchmark could be the time required to finish a 100 metre mackiding starting
and stopping. A more interesting benchmark from a balanaet pb view, would
be doing the same race while a stochastic force disturbsytters.

4.3.2. Conclusions

To sum up our overall impressions, we believe that it is inguarto specify what
the goal/aim/input and output of the control system is? Feoahesign point of
view, a control system should include mechanisms for (owan$iow) balance is
maintained, support sequence generated and motion gederkurthermore, we
believe that fast reflexes are important to achieve goodpagnce, especially in
rough terrain.

Finally, we believe there is a need for benchmarks in ordeotopare and eval-
uate different legged systems. At least it would be fun witingbic Games for
legged machines.
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Part Il.

The walking robot platform
WARP1
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Figure 4.1: Photo of the walking robot WRP1.

Introduction to part Il

This part will describe the four-legged walking robot pieith WARPL (figure 4.1).

First, chapter 5 describes the platform in terms of its madstructure and then
chapter 6 concludes this part by discussing the matherhatimaeling of the robot.

Chapter 5 is based primarily on the article by Ridderstréral ef155] with some

updated material from Ingvast et al. [84]. Chapter 6 is nedampublished.
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5. The walking robot platform W ARP1

This chapter describes a four-legged walking robot platftitat has been developed
within the Centre for Autonomous Systems [18]. It consi$ta mbot (section 5.1),
computer architecture (section 5.2), control design t¢s#e chapter 7) and a basic
control structure (section 5.3). Section 5.4 describeschabot performance in
terms of strength and speed.

Background and history The long-term objective is to provide an autonomous
locomotion platform suitable for use in difficult terrainhere the autonomy implies
that the platform should be self-contained in terms of itsrgn and computer re-
quirements. The work started in 1996 and focused on the ehaficocomotion
platform. In 1997, two robot prototypes had been constdickeprototype leg by
Benjelloun [9,120]; and a modular wheeled robot by Liandet @allstrom [107]

Work then continued with legged systems, because of thegngial for high
mobility in very harsh terrain, as well as the challenginghpems in creating such
systems. A four-legged configuration was chosen, sincestidsald allow both stat-
ically and dynamically balanced locomotion

The initial versior of the robot hardware was built by 39 undergraduate students
during spring 1998, in an advanced course in MechatronidsMachine Design
[102,197]. Work then continued by the researchers am&k®¥ took its first steps
in September 1999. However, the platform’s mechanics aectrehics were not
robust and work on this kept on until next summer, whemrR®l was walking and
trotting robustly (sedat t p: / / www. nd. kt h. se/ ~cas/ novi es). Since then,
the practical work has mainly focused on further softwansetigpment.

YInitially the platform was called Sleipner3, but it was saenamed to WRP1, since Sleipner is the
name of Odin’s eight-legged horse in the Norse mythology.
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5. The walking robot platfornrWarP1

Figure 5.1: The robot WARP1 standing (left) and resting on its knees (right). In both
photos the front of the robot is to the left. The left photorisni 1998 and the other
from 2000, where one visible change is that aluminum box#seamputers have been
mounted on the sides of the trunk (see page 123 for a moretneeto).

Researchaim  The initial research focus of the project has been on contath-
ods for robust blind walking (walking without range findingnsors and/or terrain
models) and mechatronic leg design (i.e. design of mechamictuators/trans-
missions and integration of control units). After blinddmeotion has been achieved,
range finding sensors and navigation/planning control tra¢ggo be studied. Since
different control methods will be investigated, it has beaportant to create a plat-
form that makes testing and implementation of the methoslg ea

Modularity  The platform is modular in terms of:

e mechanics
e electronics
e computer systems

e control software.

Some of the modules are illustrated in figure 5.4, where th#gm is divided into
modules corresponding to external hardware, trunk and kegs then each leg is
further divided into three joints and a foot.
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5.1. Robot hardware

Table 5.1: Mass distribution, dimensions and power system parametéi&rpl

Part Masgkg] Dimension[m] System parameters
Robot 59 (I x w x h) System voltage [V] 48
— Trunk 20 0.8x0.4%x0.18 Maximum nominal motor
—Leg 10 0.59 power (approx.) [kw] 1.6
— Thigh 2.3 0.29 Battery weight [kag] 6
— Shank 2.1 0.30 Battery capacity [Ah] 7

5.1. Robot hardware

The robot has a cursorial leg configuration, where the kreeagually point for-
wards (figure 5.1). The modularity makes it easy to intergeahe legs and achieve
other configurations (such as all knees inwards or outwafd® mass distribution
is about 20 kg for the trunk and 10 kg for each leg (table 5.he fobot's approx-
imate centre of mass is illustrated in figure 5.2, but it \&dering walking due to
the relatively large leg masses.

5.1.1. The trunk

The trunk is an aluminum frame built out of profiles with gresuwhat allow sliding
nuts to fit. The sliding nuts make it easy to attach comporemsalso to adjust their
positions. Only the system voltage (48 Volt, table 5.1) &riliuted to the different
modules. It can come from an external power connection (lg0td), and/or an
on-board NiMH battery pack. The battery pack can be usedHorter periods of
self-powered operation corresponding to approximatelyn#tutes of walking.

The legs are mounted with sliding nuts in the grooves of tingtframe, making
it possible to vary the leg attachment points in the longitaldirection. Normally,
the legs are placed as far apart as possible (figure 5.2hddistance can be varied
from 0.16 m to 0.65 m.

5.1.2. Theleg

Figure 5.3 shows closeups of a leg and the hip joint. The lags the same kinemat-
ical structure and each leg has three degrees of freedomabltipction/adduction

(a/a), hip flexion/extension (f/e) and knee flexion/extensiThe axes of revolution
in the hip intersect and the knee can only overextend a fewededtable 5.2). All

the legs are identical, but mirrored in the sagittal plane @istance from hip joint
to knee joint is 0.29 m and 0.30 m from knee joint to foot pad.
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Figure 5.2: Kinematics and dimension of X#Pl. The illustrated hip abduc-
tion/adduction angleg; and hip flexion/extension anglg are positive, whereas the
illustrated knee flexion/extension anglg, is negative.

5.1.3. The joint

The joint workspaces are limited by mechanical stops anddédyd in table 5.2 to-
gether with other data. Each joint is actuated by a Maxon D@maa a Harmonic
Drive connected to a cable and pulley system, where the lpuléay is attached to
the limb (figure 5.3).

The cable reduction ratio is lower for the hip abductionlaxdin joint than the
flexion/extension joints. Furthermore, each flexion/egi®m joint can be fitted with
a rubber torsion spring between the lower pulley and the.lidlspring increases
the shock tolerance and the idea was to partly observe arntbttre joint torque
through the spring deflection, similar to work by Pratt et[afl4]. The deflection
is measured using two incremental encoders, one on the reloédr and another
on the joint shaft. Since the hip abduction/adduction joarinot be fitted with an
elastic element, it has only one encoder on the motor sidaveMer, this method
has not been used so far and the rubber springs were latereatewed since they
were considered too weak (it took about 0.25 seconds justltad a fully loaded
joint). Since the encoders are incremental, there is alsmehsonization sensor
(Hall-effect switch) that is used for calibration.

The pulley cables are steel wires (diameter 2.3 mm) thatigieehed and fixed
at the lower pulley. At the top pulley, forces are transniitby friction (the cable is
wound 2% revolutions) and by a small stopper soldered onto the wire Stopper
on the wire is fitted into a cavity in the pulley to prevent plge.
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Table 5.2: Data for hip abduction/adduction (a/a), hip flexion/extengf/e) and knee.

Joint data Hip (a/a) Hip (f/e) Knee
Workspace (8= straight leg) f] -30-30 -45-80 -110-5
Rated motor output [W] 90 150 150
Motor current rise time [ms] 0.7 0.4 0.4
Speed rise time at constant voltage [ms] 20 10 10
Acceleration time to full speed at 5 A [ms] 95 80 80
Harmonic drive reduction 100 100 100
Cable transmission reduction 2.5 2.85 2.85
Max. nominal angular velocity at 48 V  [rad/s] 4.8 2.6 2.6
Max. nominal torque at5 A [Nm] 50 91 91
Encoder resolution, joint shaft [mrad] NA 1.6 1.6
Encoder resolution, motor shaft [mrad] 0.06 0.01 0.01
Joint stiffness (with rubber spring)  [Nm/rad] NA 100 100
Joint stiffness (without rubber spring) [Nm/rad] 1000 1000 1000
Motor and gear inertia (from joint side) [kgih 1.0 2.7 2.7

Speed rise time for a voltage step is about 15 ms and it takast &9 ms to
reach full speed (table 5.2) with the current limited to 5 Amlting the current is
important, since the motors are strong enough to break #et wires. Additional
safety is provided by using joint range limit sensors (Héalitch).

5.1.4. The foot

Figure 5.3 show’s a photo of the foot. It's pad is a half sphmaezle out of rubber
(diameter 50 mm), mounted on a linear bearing (range 0 mm tar@$ with a soft
spring that extends the pad. A potentiometer measures flectiien and thereby
provides both ground contact information as well as grouistadce information
just prior to an impending impact (the distance to the grosnmdeasured along the
direction of the shank). The foot is also equipped with a logltithat detects ground
forces. Together, the two sensors more accurately detemisidj contact.

5.2. Computer architecture

Figure 5.4 illustrates the computer architecture of théfgrian. Robot controllers
can be developed and simulated on any computer with the ppai® software
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Figure 5.3: Photo of a leg and close-ups of hip joint and foot. The blacistit cover
has been removed in the closeup of the foot.
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5.2. Computer architecture

Algorithm 1 Main loop in the ACN node’s RUN state

1. Start AD conversion since that takes absutis

Send ACN status message (every other cycle) and chedkfeowt

Sample encoder values and send encoder messages

Wait (up to a small time) for an actuator message and theataeator outputs.
Send converted analog sensor values in current and fosbsmessages.

abkown

(chapter 7 describes the software tools). On the host campihie controller can
also be implemented for execution on the Development CoNtwde (DCN) to per-
form (real) experiments. During the experiments, the dpenases the host com-
puter to control execution, modify parameters and log data ki addition to the
interface through the host computer, the operator alsgssthe robot with a joy-
stick and the Joystick Sensor Node (JSN). The JSN is basedSienaens C167
microcontroller, whereas the DCN and the host computer amlstandard PCs.
The system voltage and current is measured by the Trunk Gbluste (TSN)
that is mounted inside the trunk. The TSN is based on the sardwhre and
software as the JSN, but uses a specially designed |O-cachtdre data from

e one three-dimensional accelerometer
e one two-dimensional inclinometer and

e three rate gyros.

These data are then sent over a Controller Area Network bais! (is) to the DCN.

The Actuator Control Nodes (ACN) functionally belong to thg modules, but
are mounted on the outside of the trunk (see figure 5.1). Treegao similar to the
JSN and TSN, but use another specially designed 10-card Wfid-Eriver card to
acquire sensor data and control motor output. Communitatith the DCN takes
place over dedicated CAN busses, one for each ACN to providagh bandwidth.

5.2.1. The ACN code and the CAN protocol

A simple state machine (figure 5.5) executes on the ACN, anilssistate machines
execute on the TSN and JSN. The nodes will automatically repmize with the

target computer’'s sample rate, since the RUN state wait$o(@psmall amount of
time) for the message with actuator output values. Bagiedgjorithm 1 is executed
in the RUN state.
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External modules i Operator / Researcher
Ethernet Host g
computer
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Figure 5.4: Platform modules and computer architecture where the DGiNhast
computer are standard PC.s. The JSN, TSN and ACN are midrolers based on a
Siemens C167 processor. For details, see section 5.2.
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ACN state machine

5.3. Control structure

° Actuator Change state
Power on command and clock
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Figure 5.5: ACN state machine. and illustration of messages on CAN btsdsn
DCN and an ACN. Up to seven CAN messages, with 384 bits of adata (792 bits
including overhead), might be transmitted during one sempl

In case no status messages are received within a few cycliseaut occurs
and the state machine falls through to the HALT state. Otlserdhe state machine
remains in the RUN state until a Halt-message is receiverhil&ly, if the DCN
fails to receive messages from any of the ACN:s, it stops andsa Halt-message
to the ACN:s.

The CAN bus protocols use a fixed message scheduling, dbestifor the ACN:s
in figure 5.5. With this protocol (ACN) and hardware, the bagigates at a sample
rate of approximately 1000 Hz. In each cycle, up to seven agessare sent, cor-
responding to a rate of about 384 kbit/s of actual data. Wighrhessage overhead
this comes to about 792 kbit/s, a little bit below the bus &iérof 1000 kbit/s.

5.3. Control structure

Figure 5.7 illustrates the basic control structure witreéhtevels: trunk, leg and
joint level. When testing specific control ideas, parts & $ructure are modified
and this section will describe it's overall properties. Bystem is designed to allow
a distributed implementation on several target computeos.instance, the system
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Figure 5.6: Illustration of computer architecture with two target cangrs, DCN and
Trunk Estimation Node (TEN).

previously used two target computers as illustrated in &§du6. This allowed con-
current software development and testing against the A@hdshe TSN.

Special care is taken to make sure that each major controulmanhly uses
signals which can be expected to be available in a distiibutglementation. In the
distributed situation only communication drivers have ¢odolded to the interfaces
of the control modules.

The trunk attitude is estimated by an algorithm designed blildihder et al.
[152, 154] that is executed in theunk observerusing data from the TSN. Trunk
motion and attitude is controlled by think controller However, except for Rid-
derstrom and Ingvast's [160] work on posture control, thi@krcontroller typically
only generates parameterized position/velocity refegetior eachieg controller.

Theleg observenf legi calculates the vector from the hip to the foot pa¢and
velocity, v) relative to the trunk frame. These estimates are then usedposition
control framework) by a simple combined stiffness/dampingtroller

l T l ref I ref Bor
= -{K-(r —r)+D-(v —v)}, hi=%0 6D
that tracks the corresponding referenc&d andv™f. In this control law, the Ja-
cobian,J;, is relative to the trunk with respect to the joint angl@sand the matri-
cesK'! and D! denote the stiffness and damping coefficients. The outguthaee
joint reference torques;, where the knee component is later modified by a virtual
spring/damper to prevent the knee from overextending.
The torque reference is first limited in therque modeblock (implemented as a
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Trunk level
Trunk Trunk Leg
observer controller controllers
Leg level - —
Ref: foot '

position/velocity !
and vertical force -

Impedance
controller
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controller

Ref: torque L SRR -+ ;:YOItage

Model based )
controller

Est.: motor
velocity -

Figure 5.7: Overview of control structure.

current limit) that outputs a reference current. Then affe@ghrd DC motor model
(based on inner resistance and back-EMF) is used togethierawr|-controller to
compute the desired voltage. Finally, if a limit sensor isvag thesafety stogblock
limits the voltage in the direction of the corresponding heetdcal stop.

5.4. Experiments

To demonstrate the speed of the legs, a simple experimenhichwhe robot per-
forms walking motions was conducted. The robot was placed support with the
legs in the air and two elliptic reference motions (periodsdnd 0.8 seconds) were
tracked (figure 5.8).

When the period is 1.0 s, the leg tracks the reference (ddstedvell in both
experiment (thick line) and simulation (thin line). The sile@ed and experimental
trajectories have a small offset down to the rear due to tyravhe hip motor volt-
age (thin line) is close to being saturated and achieves anmiax joint speed of
2.4 rad/s, whereas the knee motor voltage (thick line) isva¢he saturation level.
Just below the hip, the foot has a speed of 1.0 m/s.

135



5. The walking robot platfornrWaRrP1

Vertical v.s. horizontal foot positions Motor voltage Joint speed
4 [m] [V] v.s. time [s] [rad/s] v.s. time [s]
o T T T T T
o —0.48F o= 1 50 2
& -052, ‘ : ‘ ‘ ; 4-50 -2

Horizontal positions [m] 1 15 21 15 2

-0.48- T ’_‘______‘____‘_____w____\ = 50 )
-0.52 ———————— ‘ : 1 eo 5

-0.15 -0.1 -0.05 0 0.05 0.1 0.15 15 2 15 2

Period: 0.8 s

Figure 5.8: Walking motions (left), motor voltages (middle) and joimegds (left).
The motions are clockwise and start at “3 o’clock” and jugobe“3 o’clock”.

Trunk motion Hip f/e torque Knee fle torque
m 100 100
Nm Nm

0.4\_//
02 7 horizontal 0 0
heigth position
0 J AN
reference
-0.2 - -10 — -10 -
0 10 20 time 0 10 20 time 0 10 20 time

Figure 5.9: Trunk motion (left) and torques: hip f/e (middle) and knee(fight) during
kneeling. The torques are estimated from the motor currents

When the period is 0.8 s, the hip is unable to track the motissaturates at
a maximum joint speed of 2.5 rad/s. We can also note a smédrelifce between
the simulated result and the experimental result, probdbé/to poorly estimated
parameters. The maximum speed of the foot is 1.25 m/s.

5.4.1. Resting on knees

To demonstrate the strength of the robot, a 50 kg payload washad and leg
reference trajectories were designed to make the robot\go do its knees and then
up again (figure 5.9). The kneeling position is actually lgtatithout any power to
the actuators and could be used for “resting”. Note that treelflexion/extension
reference torque (thin line) cannot be achieved becaugeitiiémit sensor is active
during the time intervat € [7,17] s.
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5.5. Discussion

5.5. Discussion

The experiments have shown that the robot is strong andfastn go down and up
on its knees with a 50 kg payload, as well as achieve jointdgpeé&2.5 rad/s and
foot speeds of 1.2 m/s.

Testing the robot has also shown limitations. For instatiteefoot clearance is
only about 0.19 m, due to a low working range in the knee. Withworking range
of a human knee (about 150 clearance would be more than doubled. This will be
taken into account in the design of the next leg.

The testing also taught us the importance of safety funstinrorder to avoid
expensive mistakes. For instance, there are often verg f[@gition errors when the
controller is started, and consequently a large contrgdututExamples of functions
that increase safety are mechanical joint stops, limit@sngurrent limiting and a
dead-mans grip on the power supply to the motors. On the didred, additional
sensors etc increase the complexity and can introduce eotgbehaviours. For
instance, the dead-mans grip is very convenient and coaatdguwften used without
stopping and then restarting the controller. This can barfdtic” if the control
error increased a lot while the motor was turned off. Evertesting the robot and
doing experiments have also shown that the control streistiarks well, and future
control research will focus on the elements of this striectur

The tools combined with the computer architecture makesy éamove control
blocks between the target computers. Similarly we expetct ite easy to expand
the system with additional target computers, for vision atteér long range sensors.
The control frequency is limited by the CAN busses and notheydomputational
performance. The CAN bus to the ACN is filled at a control freey of 1000 Hz
(more than enough in practice), but the real bottleneck ik the commercial
CAN drivers on the DCN. With four legs, we have to execute thetollers on the
DCN at 300-500 Hz (depending on their complexity). Fortehatthis bottleneck
can be eliminated by rewriting the CAN drivers when we needge more CAN
messages or a higher control frequency, thus leaving usavitbntrol frequency
limit of a 1000 Hz.
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6. Mathematical model of W ARP1

This chapter primarily describes the derivation of theed#htial equations for a
rigid body model of VARP1 using Kane's equations in a symbolic form. The
rigid body model is too complex for derivation by hand, so B@phia language
by Lesser [106] was used (implemented for the computer edgsystem Maple).
However, it is the mathematical aspect of the derivation With be described, not
the actual Maple/Sophia-code used for the derivation.

The first section briefly discusses aspects of modeling waglkbbots, general
assumptions and assumptions specific KR®L. Then section 6.2 describes Kane's
equations, followed by section 6.3 that describes the hdaravation of a rigid body
model of WARPL. This section will also make the reader more familiar whik t
kinematics of WARP1 and the notation used to express kinematic relationships.
final section discusses the results and the author’s exyerief this work, as well
as some notes about notation (section 6.4.2) and how toedin@arized equations
of motion (section 6.4.3).

6.1. Models

Some kind of model of a legged robot is necessary in ordemtalsie the robot’s
behaviour, but it is also very useful for analysis and cdrdlesign. A relatively
complete simulation of a walking robot requires severatikiof models:

¢ Kinematic differential equations (kde) and dynamic difietial equations (dde)
of the robot’s rigid body model (rbm).

e Actuator models
e Sensor models

e Model of control implementation (sampled control systemd aommunica-
tion system (delays)
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6. Mathematical model oNARP1

e Models of the environment, such as

— Model of the ground and foot/ground interaction, includgrgund ge-
ometry and characteristics

— Disturbances (the robot pulls something or is pushed etc)

Simulation also requires choosing suitable initial valaed/or a method to start the
simulation (WARP1 usually starts simulation and real experiments in the saaye
— hanging in a rope and being lowered down until standing). démtrol design,
on the other hand, it might be enough with just a partial kiagordescription of the
robot.

Note that there is (of course) a trade off between using léetanodels and the
speed with which the simulation runs. Therefore, modelsagers, control imple-
menation and communcation have in general only been indladd used in special
cases. On the other hand, the rigid body model and groundlmoslalways used,
whereas different types of actuator models have been swdtbktween frequently.
This chapter will focus on the mathematical aspects of thivateon of the rbm,
whereas the other models are only briefly described.

6.1.1. Rigid body model

The following general assumptions are made about the rbm:

1. The main body, i.e. the trunk, hasarticulated legs attached to it.

2. The force or torque applied at each joint is the output aci@nator model (or
zero for an unactuated joint). Friction, backlash and li#gtin the power
transmission are modeled in the actuator model. Similtvyactuator model
also includes models of the physical joint limits.

3. The interaction with the environment is accounted for Xtgmmal forces (i.e.
outputs of a ground model).

The last assumption implies that the rbm is modeled as an opanical loop
regardless of the number of feet in contact with the ground. alkernative could
have been to assume that a foot in contact with the grountesraaclosed mechani-
cal loop, with a different set of differential equationsaarthe number of degrees of
freedom has changed. However, the open loop alternativelasen since it makes
it easier to model slipping and a wide variety of ground cbtanastics.

Another modeling choice is whether the rbm differential &tpns should be in
numeric or symbolic form. There are quite a few methods aotsthat produce
these equations numerically and some of those tools willibeudsed in the next

140



6.1. Models

chapter (chapter 7). Here the differential equations veélterived in symbolic form
and although it might not be the best choice with respectailsition performance,
it keeps the door open for doing more advanced analysis.

The following assumption is more specific to the design efR&L:

Each leg is structurally identical and consists of two rigidies (a
thigh and a shank) with rotational joints between the bodies

This assumption implies that some mechanical details aRFY are ignored:

e A small rigid body in the mechanism of the hip joint is ignored. the joint is
modeled as a two-dimensional joint rather than as two omedsional joints
connected in series by a rigid body. Kinematically therediglifference since
the joints’ axes intersect.

e The foot is not modeled as a separate rigid body. Insteadptits mass and
inertia is lumped with the shank, and the small motion of thet'$ passive
linear joint is ignored. (This passive joint is used as agetimt measures the
ground distance just before footfall).

The Maple/Sophia script that derives the rigid body modspecialized for WRP1.
To speed up the derivation, it is assumed that the legs hantiédl kinematics, but
not identical parameters such as link lengths and inedtiasvever, the script is not
limited to WARP1 and can actually generate the rigid body model for a machitine
L limbs, where each limb has 1-4 joints. This assumes limbnkaiies similar to
that of WARPL, but it is only necessary to change two or three rows, to nsthar
sequence of rotational joints. Inserting linear jointslgoaasy.

6.1.2. Environment model

Terrain geometry is described using plane surfaces. Wearasshat the ground
applies forces only on the supporting feet, no torques. iBhisotivated by a small
footpad radius (about 2 cm).

The ground force is calculated as a function of penetratepitdand velocity
with some typical parameters illustrated in table 6.1. &éinspring/damper model
is easy to use, but can result in discontinuous impact fores to damping and
nonzero impact velocities. For the force perpendiculah&durface, we therefore
use a modified version of a spring/damper model [130], wherfidbt penetrates the
ground

F, = —k,2" —d.zz - (Heavisidé—2))
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6. Mathematical model oNARP1

Table 6.1: Two examples of ground model parameters

Type of ground kx [R] do [Rs] v dn [N] n
Weakly damped ground 70,000 2,000 0.7 2,000 1
Heavily damped ground 50,000 100,000 0.7 2,000 1

wherek, andd, are the stiffness and damping coefficients, arslthe penetration
depth. For the: andy—components, a smoothed viscous friction with a maximum
limit based on the vertical force is used as in [15]

2 T T
F, = —szg arctan <dh T §>
where is the friction coefficient and: is the velocity in thex-direction. F), is
calculated similarly.

6.1.3. Actuator model

Different actuator models are used (trading simulatiord@yainst accuracy), rang-
ing from ideal torque sources up to and including the DC nitelectrical and
mechanical dynamics, viscous damping and linear springpiteg characteristics.
Unmodeled (potential) problems include backlash, wirdgyulynamics and slip-
page as well as the motor’'s temperature dependence. Expetias shown that the
motor parameters are quite temperature dependent.

The rotational acceleration of the link that the stator facited to, is not mod-
eled and the spring model is used to map spring deformationtfmut torque. This
makes it is easy to add the actuator dynamics as extra staties system, outside
the rigid body model.

6.1.4. Sensor model

The robot has dual encoders to measure joint and rotor shgiftsaas described in
the previous chapter, but the discretization errors arerigh Similarly, the sensors
that measure motor current have not been modelled either.intlinometers, rate
gyros and accelerometers that are used to estimate orenfib3] have been mod-
elled in simulation. Low-pass filters for the inclionmetersd offset plus noise for
the rate gyros and the accelerometers, but this was mostlylaied during devel-
opment of the attitude observer.
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6.1.5. Control implementation model

In order to simulate a limited control frequency, we haveeaisdampling delays in
sensor sampling and actuator commands. Similarly, sigaralslelayed to reflect
the fact that we do control over a CAN bus, but we do not modektirresponding
jitter. However, the simulation runs substantially slowéren including this model,
so it is typically not used.

6.2. Kane’'s equations and Lesser’s notation

The notation used in this thesis is primarily based on therjpmetation of Kane’s
equations by Lesser [106]. Lesser takes a geometric agpiindtis book, where
Kane and Levinson’'s book [90] is more algorithmical. Thaiok is the main refer-
ence for Kane’s equations and Lennartsson’s thesis [1G5] interesting reference
regarding the efficiency of this method for deriving symbadlifferential equations
of rom’s.

Kane’s equations are an improvement from the 1960’s of wygribbs, Appell
and others. In the equations, tkimematic differential equationgde) are used to
find a basis transformation for the tangent space, that alkbw user to in some
sense choose configuration and speed parameters indepgndEnis integrated
use of converting the second order differential system ino first order differ-
ential systems, the kde and tbdgnamic differential equation§&lde), can produce
a combined system that is easier to work with. The main fedbamvever, is that
the method is well suited to handle non-holonomic systentsitiis easy to do
multibody analysis. In Lesser’s interpretation and notatia stringent difference
between geometric objects and the components that reptbsesbject is included.
An example of that will be given shortly, but first some basiariinology.

A reference triadconsists of three non co-planar vectors and a rigid
body'. The directions, but not the origin of these vectors arerassu
fixed relative to the rigid body. The vectors comprising thad are
freg a vector from point A to point B, is considered equal to arheot
vector with the same direction and length. The combinatioa fixed
point in the body together with the triad compriseederence frame

A standard triadandstandard reference framases orthonormal triad
vectors.

!Not necessarily a physical body, just a set of points thaabelas rigid body.
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Now, to distinguish between a geometric object and it's con@mt representation,
let a vectorr in a three-dimensional vector space with standard fiadas, ag} be
expressed as

r = ria; + reag + rzag
wherer; € R are the vector components relative to this base. Using xnawiti-
plication, this can be written as follows:

ai
r=[rirrs] | ay | =rTa=alr
v a
—rT 3
———

wherer” = [r; ro r3] anda” = [a; as a3]. If it will be necessary to indicate which
reference triad the components refer to, this will be inideby a left superscript,
i.e. to indicate that the components with respect to ttiade used, we write:

ai
r=1["r1 %2 %3] | az | = (“r)T a=a" . (6.1)
—_—
—apT a3
—_——

=a
More often, it is useful to indicate what body the componeefsr to, and since
bodies are here denoted by a capital letter, that letteipisaity used as left super-
script. However, since a triad fixed in bodyis typically referred to as, this only
means that (6.1) is written as follows:

a1
r—= [A’I“l AT‘Q AT’3] a9 = (AT‘)T a = CLT AT’
~——
—A,T as
N——

=a

An inner (dot) product;, between two matrices means that it acts on the com-
ponents of the matrices in a matrix multiplication, as irs tkample:

b a;-b; a;-by a;-bs
aT-b:[al a9 ag]- bg = ag-bl ag-bg ag-bg
b3 asg - b1 asg - b2 ag - b3
A special case is
a;-a; Qair-az ap-ag

a-a = ap-a] Ay -Ay Ay -asg =
az-a; Qaz-az Aaz-ag

S
OO =
O = O
= o O
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that results in a unit matrix.

The outer (or dyadic) product between two vectors is simppyressed by writ-
ing two vectors next to each othetw = D, thereby forming alyadoperator. The
dot product between a dyad and a vector results in a new vastimllows:

Du = (vw):u=v(w-u)

u-D = u-(vw)=(u-v)w
and a matrix representation B¥ is easily obtained through

al-D-al al-D-ag al-D-ag
aT-D-a: aQ-D-al ag-D-ag aQ-D-ag :Al)7
a3-D-a1 ag-D-ag a3-D-a3

where the left superscript denotes the reference triads.

Lesser combines the idea of stacking vectors into a columtnixnavith the
concept of asystem vectowhich for a point mechanism would describe it's config-
uration. Quoting from Lesser [106, p. 97]:

First consider a mechanism that is composed{opoints, labeled by
1...K, and interconnected in such a way as the configuration is de-
termined byn generalized coordinates. Thus assume the existence of
the position vectors<! (¢, t),...r<X (¢, t), whereq stands for the set

of quantitiesqy, g9, . . . g,. The 3K component vector that represents a
configuration point is indicated by the convention of droypihe label
from r<%, that is by writing:

I.<1

I.<2

K
with each component of th& column being a position vector to the
L' point. ... From now on we will use the narfeectors

For the point mechanism, each vector can be representedd®s cbmponents and
hence the mechanism By components. For a rigid body mechaniséd com-
ponents are needed. The point in configuration space camirageonly move in
a subspace which is locally referred to as thegent spacand the terntangent
vectorswill be used to denote vectors in that space. In fact, a liggadependent
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set of tangent vectors forms a basis for the tangent spacthase are important as
will be described later.

Going back to Kvectors, thgystem velocity vectpdescribes the velocities and
angular velocities of rigid bodies in a mechanism and is written as follows:

<1
<1

v
w
<K
<K

\%
w

wherev<F andw<F are the velocity and angular velocity of the™ body. Similar
to v<, a Kvector with the applied forces onto each rigid body canbigen as
follows:

- gl T
T<1
F< =
T<K

Here,F<* andT<’ means the sum of external forces and torques applied td"the
body.

A commutative bilinear operatos, is defined for two Kvectors of equal size
and defined as the sum of scalar products between the condésgovectors. For
v<andF<, the product is expanded as follows

K
v< o F< :E :V<2.F<z
=1

which here corresponds to the instantaneous power prodocednsumed) by the
mechanism. However, note that not all products are phygioaaningful (for in-
stanceF< ¢ F<).

Assume that the vector space whief belongs to has the a basis of Kvectors,
{a7,a5,... a5} wheren is the dimension of the vector space, theh could be

2The velocity can actually be the velocity of aimgdexpoint of the body, but in this work the index
point will always be the centre of mass of that rigid body.
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expressed as

<
ay
<
< < < <. < <. < < < P <T, <
v :v1a1+02a2+---+vnan:[v1 Uy vn]- . =v>Ta
<
an

wherev~ € R are the scalar components amd denotes the collection (column
matrix) of base Kvectors.

6.2.1. Derivation of differential equations

The process of deriving the differential equations for a risnrmow surprisingly
straight forward. Note that the time variant case is not idlesd here, nor the case
systems with non-holonomic constraints or redundant doatels.

1. Formulate the system velocity vectef; as a function of generalized coordi-
natesg andq.
2. The system velocity vector will be affine with respecttand can be parti-

tioned into

v<=71T4+77 (6.2)

wherer? = r5,75,...,75] is a collection oftangent vectorshat can be
used as a local basis of the tangent spagedescribes the time-variant part
of v< which is zero in the time in-variant case and will not be cdastd

further.
3. Choose an invertible linear transformafipfl’®” that converts generalized
velocities,g, into generalized speetsy, i.e.

w=Whq.

whereW?™ can also be thought of as basis transformation froto a new
basisg. As an example of how the transform could be chosen, assume we
would like to express the velocity of a body, as follows

3An affine transformy = W47 + f is also possible, but will not be used in this work.
“Note that Lesser typically denotes generalized speedsubitit here the symbab is used instead.
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i.e. in simple terms of the generalized speedsw,; andws and an orthonor-
mal triada” = [a; as a3]. From (6.2), we have already determined as a
function of ¢, and therefore also<? as a function of; and we have that,

<B __ <B _<B <B7 .
v —[7'1 T ey Th ]q.

We can now write the following system of equations:

w1
T _ <B _.<B <B7 .
a wo —[7'1 To Ty ]q
w3

whereq-fB is the velocity component of bod§ that is proportional to the
generalized velocityj;. Premultiplying both sides with- produces

w1
T _ <B _<B <B7
a-a wo = a-[’r1 Ty ey Th }q
=I3x3 w3

wherea” - ¢ = I and the right side is further expanded as follows:

w1y
_ <B _<B <B -
Wo = a-[r77 75", 50 d
w3
= [a-TfB a-T3% ... a-ToB ]q'
al-T1<B a1-7'2<B al-’TfLB
_ <B <B B 3
= ag T as T c..oag Ty q
a3 TP az-r5B .. ag.rP

Doing similar choices for the remaining generalized spgeésnd up with a
system of equations as follows:

w=WPhg.

With a valid choice wher&giV™? = (W/BT)fl, the kinematic differential
equations are simply

jg=wWuw. (6.3)

4. Determine a new basis for the tangent space. Substit(8iBYinto (6.2) we
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get

v< = 71§
= Tw ™y

where we identified the new bagisas

ﬁT _ TTWT’B.

. Newton’s equations of motions can be written as
p~ =F; +F;

whereF; andF; are the applied and constraint forces respectively,fgind
is the time derivative of the momentupt relative to an inertial framey,

p< _ N8p<
ot
The momentum can be written as
m U myv<!
Il Il . V<1
pS = . vS = .

mKU mKV<K

IK IK . V<K

wherem; is the mass of body, U is a unit dyad andj; is the inertia of body
1 around its index point, i.e. here its centre of mass.

. Constraint forces vanish when projected onto the targmatte, i.e.
ﬂi o Fc< = 07

since the constraint forces by definition do not produce awep and the
projection corresponds to power. This can be used to elimitiee constraint
forces as follows:
Bep~=peF; + [eF
——

and the dynamic equations have been derived. They will latimw and
by extracting the coefficients af, the dynamic equations can be rewritten as

Mw =F
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whereF’ are the remaining terms.

The kde and dde have now been derived as
G =Whuw

and
Mw = F.

If it is desired, the dde could of course be further partgidrinto a standard form
such as:

M (g)w+C(w,q) +g(q) =f

where the Coriolis forces]' (w, ¢) and gravitational forces; (¢) have been written
separately.

6.3. Derivation of W ARP1 rigid body model

We will now proceed with the derivation of a rom ofARP1 following the manner
just described. Figure 6.1 illustrates the rbom where the kl&ye been enumerated
as follows:

1-—frontleft, 2-—frontright, 3-—rearleftand 4 —rearrighgle

but the actual enumeration is not important.
Figure 6.1 also illustrates the two main reference triads:

N The world frame is denotedV and n denotes the triach =
i no n3]T whereng points upwards, i.e.—n3 has the same di-
rection as the field of gravity.

B The trunk fixed triad is denotet = b, b, bg]T, whereb; points
forward, b, points left, andbs points up.

Additionally, the figure illustrates the location of difeext points such a#fs, the
hip’s centre of rotation of leg 3. Similarly, the knee’s aenof rotation of leg 3 is
denotedK5. This is summarized in table 6.2.

To make the notation more compact, vectors between poirttsnaa leg will
only indicate the leg number with a subscript for one of thintsp i.e. the vector
from H3 to K5 will be denoted withe? %3 instead ofrf3%3, Additionally, vectors
between points within one rigid body will of course be fixethtige to that body
and table 6.3 lists these vectors which can be consideregpbtesent the physical
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N3
n;
nl 3 |
::; Leg 2\\ 3 Leg y
Legl Leg 3

Figure 6.1: lllustration of the inertial framéV, the trunk fixed triad3 and some of the
points in the VIARP1 rbm. Relative to the trunk, the vectbi points forwardbs to
the left andbs upwards. Only one point is drawn for each kind of point in a IEQr
instance,P; that represents the pad of ldgs drawn wherea$’;, P, and P,are not
drawn. See table 6.2 for a complete listing and descriptfgromts in the rbm.

parameters of the rbm. As an example, consider, the vedor the trunk’s centre
of mass to the hip centre of rotation of leg 3:

pBHs _ B BHapy, | B Bilay,, | B By, _ B BHs)

where BrBH3 would then be a column matrix with physical parameters, tte
vector components in the trunk frame.

6.3.1. Generalized coordinates and reference frames

The generalized coordinates are chosen as follows:

o Letq’ =g, qy qz]T be the generalized coordinates that describe the position
of the trunk’s centre of mass, i.e.

VB = B = pTyB (6.4)

wherer¥? is denoted-? to get a more compact notation.
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Table 6.2: Description of points and bodies in thea®1 rbm, see also figure 6.1.

Symbol Description of point Description of body
N Origin of lab frame Inertial reference body
B Trunk centre of mass Trunk
T; Thigh centre of mass of lelg Thigh of legl
S; Shank centre of mass of ldg Shank of leg!

H, Hip rotation point in the hip joint of leg
K Knee rotation point in the knee joint of lég

P Pad ground contact point of ldg

Table 6.3: List of body fixed vectors that represent physical paranseter

Vector Description

BH, Vector from the trunk centre of mass to hip joint for leg
HTi \fector from the hip joint to thigh centre of mass for leg
HE: \ector from the hip joint to knee for leg

KS Vector from the knee joint to shank centre of mass forlleg
KPP Vector from the knee joint to pad of ldg

i I T A

Yaw rotation arounah,, Pitch rotation around,, Roll rotation aroundb;,
triad N to triadA triad A to triadA’ triad A’ to triad B
az
a a
. SV
s P
Il, /a2:a2 >
//{" \ ,
-~ \\ a1
a a;=b; ~

Figure 6.2: Transformation from the triad N to the triad B using the Yait¢ip-roll
parametrization.

152



6.3. Derivation ofWARPL rigid body model

o Letq® = [qyaw Ypiteh qrozl]Tbe the generalized coordinates that describe the
yaw, pitch and roll angles of the triddrelative to the triach. The sequence of
rotations is illustrated in figure 6.2. The angular veloafyB relative toN,
denotedv?, can be found by summing the angular velocities of the inidial
rotations as follows:

wB = anwn3 + QpitchaQ + erollbl- (65)

e Finally, let gy, 1, qH ..l and Aol denote the angle of rotation (starting
from the trunk): hip abduction/adduction, hip flexion/agmn and knee flex-
ion/extension for leg.

However, since the complexity of the calculations increagpédly with the number
of links and joints in series, it is useful to reduce the dffeicthat by not letting
qr .1 SIMply be the knee angle. Instead, let the knee angle, iecartlgle between
the thigh and the shank be expressed@s; — gk, -

We introduce the following reference frames (see figure: 6.3)

H,  Hip reference frame for leg h' = [h} h hg]T. Hj is B rotated aroundb,,
i.e. h), = b,. The rotation has a constant offsetpfadians, i.e.qy,,; =
0 = h! = —bs which means thah! points downwards.

T,  Thigh reference frame for lelg¢! = [t} t} tg]T. T; is H, rotated aroundh’,
i.e. t} = h} andt} points along the thigh.

S, Shank reference frame for légs’ = [s| s} sg]T. S, is H; rotated around
hl, i.e.s} = h} ands! points along the shank.

The estimated values for the parameter vectors, body masdeésertias can now be
expressed in their respective body fixed triads; these saoe shown in table 6.4
and table 6.5. However, the longitudinal position oAR¥1's legs can easily be
modified, and-?*: may therefore vary. In table 6.4 the most commonly used galue
are shown.

6.3.2. System velocity vector

We will now define the system velocity vecter; . Since it is a just a column matrix
with velocities of the different bodies, it is practical tarfition it into L + 1 parts
as follows:
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6. Mathematical model oNARP1

Figure 6.3: lllustration of leg kinematics and reference triads fordef = 4). The
rotations are “positive” according to the right hand ruldweThip abduction/adduction
joint rotates an angley,, ; aroundhl, = b, (the illustrated angle is negative). For
leg 4 this causes the leg plane to rotate outwards in the left figlite figure to the
right illustrates the leg’s rotations within the leg plandere the hip flexion/extension
joint is rotated an angley,, aroundh}, (the illustrated angle is positive) and the
knee flexion/extension joint is rotated an angle, ; (the illustrated angle is negative).
Finally, only the leg plane is shown in the bottom figure. Nihi&t gy, ; is not really
the knee angle, which is denotgfd ;. The relationsship between the “relative” joint
angles and the generalized coordinates is also illustrated
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6.3. Derivation ofWARPL rigid body model

Table 6.4: Estimated values of physical parameter vectors farR®AL, wherel stands
forthe leg numbel, € [1, L]. Most values were estimated by Friede and Kylstrom [41].

Vector Value Unit
L (o.oz + (1) o.31> b+ (=1)! 0.25by — 0.14by  [m]
rATi 0.15t) — (—1)" 0.02t} [m]
K 0.29] [m]
riSt 0,058 — (—1)' 0.03s} [m|
&P 0.30s! [m]

18 1.6bi1by + 3.4bsby + 4.3 bsbg [kg mz]

17 0.003t{t] +0.03tht +0.03 t4t} (kg m?]

IS 0.001sis} +0.02ss) +0.0284s) (kg ]
Table 6.5: Mass and inertia of WRP1 body parts.

Symbol Value Unit Description
mP 376 [kg]  Trunk mass
m? 3.7 [kg]  Mass of thighl
ms 2.0 [kg]  Mass of shank
| K 1.6 b1b; + 3.4bsbs + 4.3bsbs [kgn?]  Inertia of trunk
It 0.003t}t} +0.03thth +0.03t5t5  [kgm?] Inertia of thigh
ISt 0.001sis} +0.02shsh +0.02ss,  [kgnm?] Inertia of shank
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6. Mathematical model oNARP1

v = (6.6)

wherev<° is the velocity and angular velocity of the trunk and are the velocities
and angular velocities of the rigid bodies in leg-<° is expressed as follows

B
<0 _ v
vS0 = [wB ] (6.7)
and to findv? we just differentiate (6.4) relative to frameé, i.e.
N 9,.B N bT B B bT B
vB — g; _ aatq _ aatq B xrB =178 1B x rP

and thenv <0 is simply

v<o — [ vB ] _ [ quB + (anwni’: + QpitchaQ + QTollbl) x P
wB anw n3 + QpitchaQ =+ QTollbl

wherew? was replaced using (6.5).
Expressingv<t, [ = [1..L] is done in a similar way, but require too much space
to be described here.

6.3.3. Choosing generalized speeds

The size of the differential equations is not only affectgdhe choice of generalized
coordinates, but also by the choice of generalized speelsrefore we wish the
trunk angular velocity to be expressed in the following ma&mnasing generalized
speeds:

wB = wrollbl + wpz'tcth + wyawbi’) = bTwov (68)

i.e. we can expand this into
wrollbl + wpitcth + wyawb3 = anwn3 + QpitchaQ + QTOllbl

that by premultiplying withb- expands to the following matrix equation:

Wroll bl : (anwn3 + QpitchaZ + C_.Irollbl)
Wpitch = b2 : (ijawHB + QpitchaQ + QTOllbl)
Wyaw bs - (anwn3 + QpitchaZ + C_.Irollbl)
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6.3. Derivation ofWARPL rigid body model

Simplifying and replacing the dot products result in thddwing system of equa-
tions:

Wroll = QToll — sin (qmtch) anw
Wpitch = COS (QToll) Qpitch + cos (qmtch) sin (QToll) anw
Wyqw = COS (QToll) COs (qmtch) anw —sin (QToll) Qpitch

This is solved into:

Gy = (qrou) - sin (qrou) -
cos (qpiteh) © cos (qpiten)
Apitch = €08 (Groll) Wpitch — SiN (@roll) Wyaw
Groil = Wroy + tan (qpien) Sin (qroir) Wpiter + tan (qpiten) €08 (Grotr) Wyaw

Notice thatg® is linear in the generalized speeds as expected and therediorbe
written as:

0 Sin(Q'roll) Cos(qroll)

.0 .qyaw COS(Qpitch) Cos(qpitch Wroll
= ql.)imh — |0 cos (QToll) —sin (QToll) Wpitch
Groll 1 tan (qpitCh) sin (QT‘Oll) tan (qpitch) CcoS (qmll) Wyaw

Let us now, similar to the choice af® in equation (6.8), choose to expres?
in this manner:

vP = w,by +wyby + w,bs = b w? (6.9)
Since
N 9,.B BA9..B
o T
Ba B
_ {rB —pTgB = alt' _ quB}

it is now easy to solve for the generalized velocities as atfan of the generalized
speeds, i.e.:

i = wB —w° x ¢B.
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6. Mathematical model oNARP1

Now we make a simple choice for the remaining generalizeddsge

_— 0q;
qi,l ot

= Wi, 1€ {Haaaer,Kfe} and] € [1,L]

and we have the kde:

qB _ U)B — w° % qB
0 sin(qro11) c0s(qrot1)
0 cos(qmtch) COS(CIpitch o
qa = 0 o8 (qrout) — sin (Grolr) w
1 tan (Qpitch) sin (QToll) tan (Qpitch) COs (QToll)
QHaa,l = WH,,| l e [1,L] (610)
dH;eq = wa,0 L€ L]
Kt = Wi L€ (L1

6.3.4. System momentum vector

Givenv< it is easy to derive the system momentum vegpor, First partitionp<
in the same manner as<, i.e. let

wherep<° is the momentum and angular momentum of the trunk @ndcorre-
spondingly for leg. Let m? denote the trunk mass adéf a dyad that represents
the trunk inertia. It can be written as

1% =" P1Ph

whereP I is the inertia matrix of the trunk relative to the trunk. The®® can be
written as:

vaB
b= | fh s | (6.11)
The time derivative of the momentum relative to the fraiés denotedb <,

p< _ Nap<
ot
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6.3. Derivation ofWARPL rigid body model

It can also be partitioned

Na <0
. < P
p~° ot
1:')<1 Nop<i
= < ot
P = . = .
1:')<L Nap<L

ot
From (6.11) we can fingg<¢ with some algebra. First note that

NomBvB
=<0 ot
p - [ NoIB wB ]

ot

and then expand that as follows

N@ B.,B Ba B
# — mBa—: —|—wB X vaB = meTU}B + meT (’U)O X wB)
NoIB .wB  BYIB .uB
ot ot
andp<° can now be expressed using generalized speeds as follows

LB x (1 wP) = 12 0700 + 07w x (I8 - 0T’

<o [ mPTiB 4+ mPeT (w x wh)
P 18070 4 bTwe x (18 - bTu®)
6.3.5. Tangent vectors

The tangent vectors can be found frem by taking partial derivatives with respect
to the generalized speeds (since s linear inw), i.e.

ov<
S = . 6.12
TZ Gwl ( )
Partitioningr = asv= (6.6), we let
T<0
T<1
TS =
T<.L
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6. Mathematical model oNARP1

and therefore together with (6.12) we see that

<0
<0 ov=o
T; ow;
<1 Ov<i
< T Ow;
T = . = .
,7__<L Ov<L
4 Ow;

However, from (6.7) we easily find the first partial derivatv

Hv<o dwBpT dwzb1+wyba+w:bs
,7_<0 — v i 8’!1}1' _ 8’!1}1'
(N T ow°b” Owr o b1 +Wpitcn b2 +wyawbs
ow;
8w¢ 8’!1}1'
and find that
<0 — by <0 _ 0 7500 0
T 0 roll b1 Hgq,l 0
b 0 [0 ]
<0 __ 2 <0 __ <0 .
Ty = 0 T pitch = b, THf&l = i 0 ] (613)
<0 — b3 <0 — 0 750 0
z 0 yaw b3 Kje\l 0

6.3.6. Applied forces and torques

The applied forces and torques can (also) be partitionedllasvt:
F<o
F<1
F< =
Fer
whereF < are the applied forces onto the trunk part &1d are the forces on lely
For the trunk, these forces include

l
THaa,lb2 andTer7lh3

that are the torques applied by the hip actuators (abduatidoction, 7z, ;,
and flexion/extensionry . ;) onto the thigh of leg. These torques will cause a
reaction force onto the trunk a@i<° can be written as:

—mPgny

F<O = 4 l
> i1 (—THaaib2 — TH,. 1h)
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6.4. Discussion and details of derivation

where—mPgnj is the force of gravitation.

Note that the ground forces are not shown explicitlyfine. They are instead
included in the applied force8<t, where they act onto the lowest rigid body of the
leg.

6.3.7. The dynamic differential equations

The dde can now be found by a projection as follows

75 e (pS —F<) =0, i € [1,degrees of freedom (6.14)

7

where the left side is expanded according to the partitgpais before:
L
e (P —F<) =) 7 le (p< —F). (6.15)
1=0

Expressions grow quickly, and as an example, the single ¢cermesponding té =
0,1 =u=x,i.e.
,7.;0 ° (p<0 _ F<0)

expands to

bi], mBETwP +mByT (w° x wP) ] —mPgns
0 IZ - b7 + bTwe x (I8 - bTw?) S (_ . by — T}{fehg)
but this will fortunately reduce substantially when we gpible “fat” dot product,
ie.:
TS0 (p<0 — R<°) = b;- (meTu')B +mByT (wo X uB) — (—mBgng))
= mB (U)f + WpitchWz — WyquwWy + gbl : Il3) .

This is still only one term of the sum (6.15) and it should b&iobs why using a
computer algebra tool is useful.

The result of (6.14), together with the kinematic equati@0) finally give us
the system of differential equations.

6.4. Discussion and details of derivation

This chapter showed how the differential equations deisyithe rigid body model
of a legged robot can be derived. Since the expressions leebamand compli-
cated, the computer algebra system (cas) Maple was usetiéogégth the Sophia-
language by Lesser [106].
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6. Mathematical model oNARP1

These derivations would have been very tedious to do by Hautdye would
like to emphasize that a cas does not eliminate the need fouahderivations. One
(subjective) reason is that we seem to gain some understafrdim the system by
working with the derivations manually on a high and abstlaatl. Another reason
is that deriving an expression in two different ways, ofteoduce expressions that
appear to be very different. For instance, it is very easyitecty differentiate a
vectorr relative to a triadV, i.e.

Nor
ot
can be directly evaluated in Sophia/Maple. However, evailga
B
% +wB Xr

typically produced more a compact expression in our deomadf the rbom. The
expressions are algebraically equal of course, but Maplermatbe able to simplify
the first expression as much as the second.

The choice of generalized coordinates and speeds alsdasaffex size of the
expressions. For the coordinate corresponding to the kngke,aexpressions are
drastically reduced by choosing the rotation angle betwgads k! ands’, rather
than betweerni’ ands'. These alternatives are shown at the bottom of figure 6.3,
Whereq}{ml andq}f&l denote the corresponding relative angles. One reasondor th
difference in size is that expressions suchsiagq; + ¢2) are often expanded into
sin g1 cos ¢q + cos ¢ sin ¢ during symbolic evaluation and it is difficult for the cas
to find the reverse simplifcation. More importantly, diffatiating the expression
increases its size exponentially, i.e.

Jsin (q1 + g2)
ot

. L Jsin
= (¢1 + ¢2) sin (q1 + g2) whereas 5 4

One drawback with this coordinates choice is that senspisally measure the
knee’s relative angle, i.e. the angle between the thighisnsion and the shank. It
is therefore necessary to perform a substution when uslativevalues, i.e.

= ¢sing.

_ *
UHpen = Hjl

* *
4Ksel = 4Kl — 9Hy,

This substitution is also important to perform before dagwvthe Jacobians used in
the leg controllers (see equation 5.1 on page 134), sinc&rtbe actuators apply
torgue between the thigh and the shank.
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6.4. Discussion and details of derivation

The fact that the legs are structually identical was alseniadvantage of. This
means that once~! in equation 6.6 has been derived, the parameters and coordi-
nates inv=! specific to leg 1 can be substituded for the parameters andinates
specific to leg 2, thereby creating2 through a simple substitution. Strictly speak-
ing this is not necessary and the actual Maple/Sophia codalaahe derivation
using either substitutions or full derivations.

6.4.1. Details of derivation and generality

The Maple/Sophia implementation actually models the fea aeparate rigid body;,
and also allows a flexion/extension ankle to be included dessired (one early foot
prototype included a rotational ankle joint that could bedi® sense the orientation
of the ground).

The actual implemenation is done withas the number of legs, which is set to
L = 4 for WARPL, but it was also used with = 0,1 and2 during the develop-
ment and derivation. For instance, settihg= 0 simply produces the equations of
motions for a rigid body, which are known and this can then $eduo verify the
result of the derivations. In a similar manner, and also tdyéhe results, the actual
number of joints in the legs has also been varied ftoim 4 in the derivation.

It also seems straight forward to add more joints and diffgj@nts (e.g. linear).
However, with more joints, the scheme for naming points amilmls needs to be
modified

6.4.2. A note about notation

It is quite annoying to work out a suitable notation for coexpbystems — you tend

to run out of subscripts and superscripts. .. Here, an gmimorphic approach was
taken, wheres was used for shank for thigh etc. However, if for instance each
leg would have several more joints, a more general and imbleatation could have

been used as follows:

By ; denotes thg!" rigid body on leg and it's centre of mass arf8}, for the
trunk.
Ry ; denotes the point of rotation of joiriton leg!.

This gets messy when referring to specific triads:

n denotes the triad fixed in the inertial frame, = [n{, ny, n3].
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6. Mathematical model oNARP1

bhi denotes the triad fixed in th& body in legl andb’for the trunk b7 7 =
b7, bl bl .

As a comparison, consider’%: (hip to knee on leg) expressed in components
relative to a triad fixed in the thigh. In the notation usedamthis is written as:

PHE — Hy (HK Tyl _ HlT{{KL tl1 + legﬂq t12 + le?{{Kl té
whereas the more general notation could be written as fellow

rRl,lRl,S :BZ,ITRZ,IRZ,?)Tblvl :Bl,lrfl7lRi’3 bi,l +Bl’1,,,,§l,1Rl,3 bl2,1 +Bl’1r§il’lRl’3 bg,l
whereR; ; means hip jointR; 3 means the knee joint anfg, ; means the thigh link.

6.4.3. Obtaining linearized equations of motion

The linearized equations of motions are interesting in ot study the system and
also for control design. Using a cas on (6.10) and (6.14) strigight forward to
obtain linearized equations in a standard form such as

& = Az+Bu (6.16)
It is a matter of performing the following steps on on (6.1001 #6.14):

e Replace references to external ground forces with the dwfpas model that
actually calculates the forces basedqamdw.

e Replaceq andw with ¢ + ¢go andw + wg, whereqg andwg are the points
around which the linearization takes place.

e Perform the actual linearization with respecjtandw on (6.10) and (6.14),
results in the following system of equations (with matrixes indicated for
the case of WRP1):

. q
¢ = [Akdeligxss [ w ]36 ) + [Brdel1gx12 ¢ + [Pkdel 1851
X

, q
[Madeligx1s @ = [Addelisxss [ w ] + [Bade)1gx12 ¢ + [hdde)18x1
36x1

where hq. and hgq. are the remaining “constants” from the linearization.
When(qo, wp) corresponds to an equilibriufy,,. andhgq. vanish.

164



6.4. Discussion and details of derivation

e The matrices can then be combined into

I g _ | Akde q Bide Pde
[ Mdde:|[w] N { Adde][w + Bade vt hage

to get (6.16) in an implicit form.

This method has been used to obtain a linearization of (Gafhf)(6.14) together
with a simple linear ground model. However, this is a “bruiecé” approach and
the resulting matrices are difficult to interpret, perhajithwhe exception ofd; 4.,

Apge = [Akde]1...6x1...6 [0]6x12

[0]156 [ 12x12
and
1 —20 Yo ]
1 20 —X0
[Akde] _ 1 —yo 0
1..6x1..6 sin(groir,0) / €08(Gpiteh,0)  €0S(qroir,0) / €OS(qpitch,0) |’
COS(qTOll,O) Sin(QToll,O)
L 1 tan(gpitch,0) Sin(qroi,0)  tan(gpiten,0) €os(groir0) |

whereqd = [70 vo ZQ]T and ¢§ = [qyaw,0 Ipitch,0 qrozz,o]T. As a comparison of
the size of the expressions, Maple derives the (6.10) ardd)én a few seconds,
whereas the linearization takes about half a minute on a statikr?. A faster
derivation, and perhaps also a more compact result, oudhe fmssible using the
same kind of partitioning scheme as in the derivation of dde.

SPentium IV, 1.4 GHz
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Introduction to part Il

This part will describe a method for control design, wheféedent tools have been
combined into a method. This method was developed over tivadlalong period
of time as a way to handle the complexity involved in workinghwhe WARP1
robot system (chapter 5). First chapter 7 describes thibadetnd then chapter 8
describes an example for a robot arm with three actuatomsyisy the computer
algebra code that was used.

Chapter 7 is based on an article by Ridderstrém and Ingva8{,[but material
has been added: partly to give a more detailed descriptiuth partly because of
more recent work. In particular, a large part of the method pramarily tailored
for the development of WRP1, but it has now been extracted as a separate tool kit.

To give an example of what can be done with these tools, it tdwhut four
hours to apply this method to a simple robot arm (figure 8.1¢netthe following
was done:

e A computer algebra system was used to analytically derieddhowing:

— arigid body model of the robot arm with three actuators.
— asimple control expression for the robot arm.
— an expression that is used to animate the robot arm duringjaion.

e Export the above model and expressions to another tool where

— a simulation model was assembled, including the controleanichation
expression.

— the robot was simulated and controlled, while it was anichatethe
same time.

In the case of WRP1, this would have been followed by automatically implement
ing the controller, running experiments and evaluatingréseilts.

Acknowledgements  This work was supported by the Swedish Foundation for
Strategic Research [176] through the Centre for Autonon®ystems [18] at the
Royal Institute of Technology [100] in Stockholm. Howevthis work had not
been possible without standing on the shoulders of otherdy using specific tools
such as the Sophia language by Prof. Martin Lesser withsthex () procedure by
Dr. Anders Lennartsson and Dr. Jesper Adolfsson. | wouldl lf#te to thank Johan
Ingvast for collaborating with me in this, and especiallyttie design of the class
ExpDat a.
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7. Combining control design tools

Good tools are needed in order to develop robotic systemsesifiy. Today, in

addition to CAD/CAM, there are tools for model derivatioontrol design and im-
plementation. There are also tools for exporting modelsdordrol design environ-
ment, as well as from control design to implementation (tggototyping tools). It

is however, still difficult to combine these tools, espdgiathen working with large

systems (i.e. with lots of states, signals and paramet#vg)have therefore com-
bined, interfaced and augmented some of these tools intafzodhéhat bridges the
gaps between analytic model derivation and control implgaten, with special

support for handling large system.

In the method, analytically derived functions are used tontml design, simu-
lation, visualization and evaluation, as well as for impéertation. The method and
tools have been used with the roboa®P1 (chapter 5), and also tested in simulation
on two robot arms.

7.1. Introduction

When developing large and complicated mechanisms thabdre tontrolled, i.e.
robots, there is a need for tools that can aid the designguré&i7.1 illustrates a
control design process, where analysis precedes modelithdesign. The next step
is to simulate the robot’s behaviour and perform experimewhich produce data
that need to be visualized and evaluated. To aid us with tioisass, we would like
to have tools that help us with tasks such as model derivasiomulation, evalua-
tion/visualization and control implementation. Pleasterthat the term controller
in this chapter may also mean, or include the observer, eaviVwrite “controller”
instead of “controller and observer”.

Today, multibody systems can be simulated with graphicdsteuch as ADAMS
[121], DADS [28] and Envision [36] that use numeric methodswever, there are
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Modeling Simulation

. Visualization
t and evaluation
. Implementation
Design and experiment

Figure 7.1: lllustration of control design process.

also computer algebra systems {ahat can be used to derive analytic (robot)
models for analysis and/or (numeric) integration, i.e. wation. One example
is the combination of a general cas such as Maple [198], Madliea [202] and
Macsyma [113] together with the Sophia language [106]. Aeots described by
Murray et al. [126] for Mathematica.

In contrast to the CAD tools above, the analytic tools uséutxinput to de-
scribe the model. However, Hardell [63] has worked on usiAdp@odels as input
to Sophia programs. An advantage with analytic methodsagtssibility to de-
rive expressions representing forward kinematics anétined models. These can
then be used to design and test controllers in simulatiomgusiols such as Mr-
LAB/Simulink [179] and MATRIXx [85]. Finally, to automaticallimplement and
test the controller, there are rapid prototyping tools sastdSPACE [37], Win-
Con [147], xPC Target [151] and OPAL-RT [133]. There are taust of tools that
aid the designer, but so far only the rapid prototyping tdwse been well inte-
grated. Furthermore, with all of these tools it is tediougvtaluate and and keep
track of data from large and complicated systems.

The next section will disucss the four-legged roboaRF1 (chapter 5) as an
example of a large and complicated system.

7.1.1. WARP1 — a complicated system

Consider figure 7.2 that shows a typical block diagram wittoatoller, observer
and a rigid body model (rbm). Here, the rbm is oAW®P1 (chapter 5) and it has 12
inputs, over 40 outputs, 36 internal states and it uses diflparameters.

The shaded area in the figure could for instance correspatie tsimple” con-
troller described in section 5.3 that uses about 400 scaeanpeters values. Of

!Since the Centre for Autonomous Systems is abbreviated @#&Slower case form is used for
computer algebra systems here.
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7.1. Introduction

Table 7.1: The number of operations required to evaluate some expressised in
WARP1'’s controller and for visualization/evluation. The lastw shows the cost of
evaluating the implicit differential equations of the rbmoe.

Function Add. Mul./div. Sin/cos Note

ByH P 25 46 6 Foot velocity relative to trunk

NyHPy 129 236 12 As ByHPi put expressed in an in-
ertial coordinate system

NpOM 1148 1794 30 Position of the robot's centre of
mass in an inertial frame

rbmfield 7068 7185 38 See caption above.

. .--Inputs: 12 actuator torques

3 Ref : ;= Outputs:
| Rererence. g o g Robot model, 12 currents

3 accelerometer signals
3 rate gyro signals
- 2 inclinometer signals

“ States 36\‘ Parameters 139

H| generator:: S v 4 20 actuator/joint angles

Figure 7.2: A typical block diagram illustrating an imagined controlend observer
for WARP1. The blocks within the shaded area could correspond tadthieal structure
in figure 5.3 on page 133. Major inputs and outputs of the ramdel are also listed.

course, a lot of these parameters may be redundant and pesthaparter of the
parameters might suffice if the four legs were assumed to idavetical parameter
values. On the other hand, most of the sensors need indivddlibration data. In
addition, requiring the parameters to be identical for #dgslwould cause problems
in the future, e.g. if a single leg was modified in some way.

For WARPL, plotting signals and states is insufficient in order toarsthnd the
simulation results. Instead, animation of the robot is ssagy, as well as being
able to plot complicated functions of the data from simolagi and experiments.
Table 7.1 shows the cdsvf evaluating some functions related to control, visualiza
tion/evaluation and the rbm.

2This isafter Maple has attempted to minimize the cost by introducingrinesliate variables.
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7. Combining control design tools

7.1.2. Large and complicated systems

A few aspects of a large and complicated system in generdissed below:

e The robot model or controller has lots of: inputs; outputates; parameters;
or internal signafs A ot of signals and states may need to be logged.

e It is difficult to interpret the outputs and states directraluating and visu-
alizing the system’s behaviour requires large and comiglitexpressions.

e The controller needs functions that are described by langecamplicated
expressions.

Some of the problems are of a more “practical” nature becafige abundance of
signals, states and parameters. It is difficult to manuadlgpktrack of them when
working with the system, e.g. creating the simulation andtrmdler. Specifically,
it is difficult to provide the required signals and parameter the correct order
to control modules and models. It is also difficult to keegkraf what signals are
output, and in which order, as well as when accquiring logipd from simulations
and experiments.

In fact, just having to do and take care of so many things capseblems,
beacuse of all the small and trivial errors that pile up. R#&ty and automating
the designer’s work is therefore important. It is also im@ot to support a modular
design strategy, i.e. allowing a divide-and-congure styat

During our work with WARP1 we faced several of the these problems and have
therefore automated parts of the design process in orderate rit simpler and
more efficient. In addition to combining and interfacing ltothat are useful for
specific tasks (e.g., using a cas for deriving and workindp Veitge and complicated
expressions), we have created additional functions tolbasame of the problems
described above. One important principle has been to tryremdve the need for
doing things more than once:

e Specify numeric data and parameter values once, i.e. ba@béder to pa-
rameters by the same names and symbols in the different tools

e Export derived expressions and models automatically retien manually
retyping expressions.

e Use the same control module for both simulation and experifavoid sep-
arate implementations.

¢ Create resuable modules (control modules, animation raediit)

3Internal signals, e.g. the controller is modular with lotsignals between modules. In figure 7.2
this would be the signals between the blocks within the sthadea.
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The tools and methods will now be described in detail.

7.2. Development tools and method

The development method is described by algorithm 2 andridlted in figure 7.3.
These are some of the more important tools of the method:

Maple is a well known computer algebra system (cas) [198].

MATLAB is an integrated environment that combines numeric contipatavith
graphics and a high-level programming language [179]. falukil MATLAB
tools are called toolboxes:

Simulink is a MATLAB toolbox that provides a simulation and prototyping envi-
ronment for modeling, simulating and analyzing dynamideays. It has a
graphical interface for creating and working with blockgtiams.

To import systems of differential equations into Simulia&,called System-functions
(S-functions)are used. An S-function is a computer language descriptiothis
case C code) of systems that can be continous, discrete odh¢y simply a direct
feedthrough system where the outputs only depend on thésinpe. no internal
states. Note that the S-functions have to be compiled béfae can be used in
Simulink.

Figure 7.4 illustrates how the data/information is passetvben the different
tools. Note that the same Simulink model file (denoted [.rirdthe figure) is used
for both simulations and experiments. This is possibleesthe robot is represented
by an instance of a block in a Simulink library, where thedityris either a simu-
lation library or an experiment library. Simulation will @dibraries that model the
robot, and implementation will use different libraries lwihterfaces to the robot’s
hardware.

The use of the tools and methods will now be described in metald

7.2.1. Analytical derivation

Using the cas Maple with the Sophia language the rbm can ldeedeas in chap-

ter 6. It is easy to work with vector objects in the Sophia lzage, since vectors
contain both components and the name of the reference Triaslmeans that once
the user has specified how different coordinate systemshed, vectors can be
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Figure 7.3: Maple and MaTLAB /Simulink are used in the modeling and control design
phase. Maple-expressions are exported torMs /Simulink, where models and con-
trollers are then integrated and tested in simulation. I§ingne MATLAB -toolboxes
Real-Time Workshop and xPC Target are used to automaticailgt the controller.
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7. Combining control design tools

Algorithm 2 Development tools and method

1. Maple is used to derive and work with the large and compt@xpressions.
a) The Sophia language [106] is used to analytically detiaerbm and
useful expressions such as forward kinematics and Jacbian
b) The exnex() procdure [105] is used to export expressions as S-
functions.
¢) Signal and parameter information about the S-functiclds exported.

2. A simulation model of the system is assembled in Simulmikere the con-
troller is also created and simulations are performed tattes
3. The controller is automatically implemented by usingtherLABs toolboxes
Real-Time Workshop (RTW) and xPC Target (xPC).
a) RTW generates controller C-code from a Simulink bloclgchan.
b) The C-code is built with real-time kernel and drivers freRC and then
downloaded to the target computer (DCN in figure 5.4 on pa@®.13
XPC also has an interface to run experiments and upload retaMATLAB .
4. Data produced from either simulations or experimenteeatuated and visu-
alized in MATLAB/Simulink using additional expressions derived in the cas.

added with a simple operation, as illustrated below (figuedh page 152 shows
the relationsship between tridd and A).

> #Define coordi nate systemrel ati onship
chai nSinpRot ([[ N, A 3,al pha]]):
rl:= N&ev [a,0,0]: #Define vector rl
r2 := A &ev [b,0,0]: #Define vector r2
rl &+ r2; #Add the vectors

[[acosa+ b, —asina, 0], A]

As an example, it takes about 30 lines of Sophia code to dérevequations for
a SCARA robot consisting of three rigid bodies, connecteaiy linear joint and
two revolute joints (figure 7.7),

The code that derives the rbm ofA®P1 is in principle similar to the script used
for a SCARA robot. However, it is about ten times as largetlypaiue to the need
to handle a variable (and therefore larger) structure, antdlyto be user friendly by
using “human like” names such as hip, thigh and knee for wiffeparts of the legs.
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7.2. Development tools and method

7.2.2. Exporting models and expressions

The Maple procedurexmex() is used to export systems of ordinary differential
eguations and expressions as C-files in Simulink’s S-fondtrmat. The procedure
is a part of the Sophia package and is primarily written byragtsson [105], with
major portions of the Simulink parts by Jesper Adolfsson.

Since the C-files are in the S-function format they will alsorkf with RTW
and xPC. A drawback witexmex() is the lack of support for passing the required
parameters to the S-function when used in Simulink. Thisdcbave been solved by
acquiring the parameter values from th&MAB environment and the parameters
with their numeric values before exporting the function.weéwer, this would mean
loosing a lot of flexibility and in in the case of M#P1, each function would have to
be created and exported separately for each leg.

A new Maple module was therefore created, that for each Stifumalso creates
an auxiliaryinformationfunction (a MaTLAB .m-file, here denoted _info-function
since_info is appended to the name of the S-function). This module, cdded
MexFcn parses the expression that is to be exported in order tonatditally de-
termine the parameter names etc, before the origixakx () procedure is used to
create the C-file. For example, say that we want to exportdh@ding expression:

U P ]

whereq = [q1 ¢2]” is the inputu = [u; us]” is the output and the remaing symbols
are parameters. This expression can be exported by thevfiofjdVaple code:
> MexFcn: - New( "nane", u(qg=[ql,92])=[ k1*(Ql-ql),
_ _ k2*(Q@-92)],
, Simulink);
The newly created _info-function contains the informatinrihe following list as
well as some miscellanous information such as creationatate

o Alist of the parameters used by the functiéri (k2, QL and@ in the example
above)

e A list of inital values required by the function if it has int&l states (there
are no states in the example above)

e A list of inputs that the function needs (a signal called With two compo-
nents in the example above)

“To be picky, a trivial change of how integer and floating Vialéa are defined was necessary before
the S-functions worked with both Simulink and RTW.
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9
12 w<1>| 9 3 3 9
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Automatic PD control ~ Automatic Robot
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Signa Automatic ~ Make line data Animate Save datz

bus L) signal selector3 S-Function

Figure 7.5: Example of a Simulink block diagram. In the upper row, there icon-
stant block, a multiplex block, two automatic signal sedettiocks and two S-function
blocks. The two S-functions are named androbot, and their corresponding C-files
and _info-files are PD.c, robot.c, PD_info.m and robot_.imfoln the lower row, there

is another S-functionmakeLineDatathat produces data for the Sub-System block
called “Animate”.

e A list of outputs of the function (a signal called™with two components in
the example above)

The list of the parameter names that are required by the @ifumcan then be
used to extract the values from some kind of database. Thelesimway of do-
ing this is to let the parameter names correspond to variagdnees in M\TLAB'S
baseworkspace. A more intelligent way is to put the parameteuaeslin a struc-
ture where the field names correspond to the parameter notsthat both ways
provide for (and assume) that the parameter names areddentivaple and MT-
LAB. Access to the _info-function is done through an interfagefion,get SFc-
nl nfo().

7.2.3. Model and control assembly

The controller and models are put together in Simulink’spgieal environment,
where an exported S-function is included by addin§-Bunction block It is not
actually the C-file that is used, but rather a compiled versiit. Figure 7.5 shows
an example of an assembled Simulink block diagram model.SFhanction blocks
take as arguments the name of the S-function as well as viduesy initial con-
ditions and parameters. With the help of the _info-file, bibth initial conditions
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Figure 7.6: Flow of information using an _info-file. The flows start at at dmd
information is extracted at the diamonds

and the parameters can be extracted from a parameter datbdlsistrated by the
dotted line in figure 7.6.

Supplying S-functions with the correct signals can also iffecdlt, especially
if the input consists of several signals. Thanks to the s$igrfarmation from the
_info-function, theautomatic signal selectdblocks in figure 7.5 handle this. The
standard Simulink blocks could not be used for this purpagbvee created these
blocks together with a MirLAB function,fi ndSi gnal s() , that basically does the
following (dash-dotted and dashed lines to the left in figu@:

1. Get the S-function name from the S-function block.

2. Getthe list of input signals that the S-function needmftbe _info-function.

3. Get information about the signals coming into the the matic signal selec-
tor block usingfi ndSi gnal s() .

4. Select the required components.

Figure 7.6 also shows (dashed line to the right) the use of ithfe-function when
fi ndSi gnal s() finds an S-function and extracts information about outpyrals.
Remember that the block representing the robot (in the ch¥éa&Pl) is an
instance from a library, either a simulation library or anplementation library.
This is important since it allows switching between simiolatand implementation
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by just changing the library search path. Similarly, it malikeeasy to use robot
models of different complexity with the same controller.viwer, this requires the
structures of the libraries to be identical.

For a complex system with several sub-systems that arestally identical, it
also speeds up the design by letting them be instances odithe eference system
from a library. However, this also causes problems with kegprack of all the
signals from the different sub-systems. Fortunately thisasily solved with signal
selector blocks where they are given an argument sayingwalsicurencenf a signal
to select. E.g., with several legs each sending out onelsigttaa specific name,
the second occurence of that signal will be from the secamddenected to the bus.

If the control system is intended for distribution, it is@tselpful to create busses
similar to the expected real communication busses. Thampibssible to distribute
the control system by first breaking the busses with comnatioic blocks repre-
senting for instance a CAN bus and then implement the diftegparts of the con-
troller on different target computers.

7.2.4. Visualization and evaluation

Simple 3D objects such as lines and plane surfaces are aunratSimulink to
visualize the robot and environment (figure 7.7). Anothel t&nvision/IGRIP,
has been used for better graphics and more complicatecbanvémts. A drawback
with that tool is that the user has to specify the robot modeira In contrast, the
Simulink animation is based on data from functions derivetaple that produce
point positions (e.g. joint positions) that lines/surfa@e drawn between. This
means that changing limb kinematics, or even the numbemiifdj is automatically
reflected.

Similarly, other functions that are useful for visualipatiand evaluation can also
be derived for different number of legs and joints, autonzdly. Some examples
are expressions that draw lines animating ground forcest forques and trunk
velocities.

The large amount of signals can also result in a lot of loggad ¢either from
simulation or experiments). If each signal is logged seprahe user has to keep
track of a lot of variables. On the other hand, if the data & jumped together, it
becomes tedious and error prone for the user to keep trachatfeamponent of the
data vector that corresponds to what signal. We therefqrareded the functionality
that allows us to select the desired signal within a comb®ieaulink bus, to do the
same from the command line. For instance, the commands

SEnvision/IGRIP is actually an integrated environment falset design, simulation and off-line pro-
gramming, but was in this context only used for visualizatmd environment modeling.
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Figure 7.7: SCARA animation (left) and WRP1 animation (right).

si nmDat a ExpData(’'trot’, 0.01, [-10 0]);
expData = ExpData(target, 0.01, [-10 0]);

acquires the latest ten seconds of output data at a samplefi@01 seconds from a
simulation (first line) and a real experiment (second liffdje argumentrot’ refers

to a Simulink model, wheredargetrefers to an xPC-object representing the target
computer that has just tested the same control model aglainstal robot. Different
signals are then easy to access as membeaisnidataor expData for example

time = expData.t;

7.2.5. Control implementation and hardware

RTW is used together with xPC to automatically generate gm¢roller C-code and
build it. Note that control expressions generated from tredyaical model and used
in the simulation are automatically included. In fact, we ke same Simulink
model file for both simulation and implementation.

The resulting controller C-code, with a small real-timeniar is then ready for
execution on the target computer. The control program uB€3sxl/O libraries
to communicate with I/O-cards in the target PC. Using comigation cards (for
CAN-busses etc) it becomes possible to work with distrithudgstems. In that
case, only encapsulation blocks in Simulink have to be ecetitat convert between
Simulink signals and the bus communication protocol.

It is not necessary to use the xPC toolbox with this methoerdhare also other
toolboxes (Real-Time Windows etc) and products (dSPACIEtett would work
because they all use the S-function format as an interface.
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7.2.6. Experiments

Experiments are performed using xPC and Simulink’s extesinzulation mode, i.e.
without leaving the Simulink environment. This allows usteate a crude graphical
“User Interface”. Since the experiments are performed f8mulink, logging and
retrieving data to MTLAB is easy.

The next section will present some results from using thesdefs with the
previously described tools.

7.3. Results and performance

The results and performance discussed below are based osxperience from
working with WARPL, and numerical data are given for that case. A typical desig
process would now be as follows. First the robot model isvéerianalytically (in
the case of WRP1 as described in section 6.3, using an automated scripthhamnd
exported to Simulink, where the model is te$tedth local joint controllers. The
next step is to test the joint controllers against the relabtothereby verifying that
both the method and the robot works properly. Then, the desigets an idea for a
controller (such as the one in section 5.3) and returns tanladytical environment
to derive functions for the controller. These are also etqubto Simulink where
they are used to build a controller that is tested in simotatind then against the
robot.

To give an example of how long it takes to evaluate a “larggjregsion, the
position of the robot’s centre of mas¥;¢M (see table 7.1) takes abot s to
evaluate on the target PC (a Pentium 350 MHz). It takes alibs¢@onds to execute
the script that derives these expressions and the rbm fgrAd/ on a Sun Ultra/60.
However, poorly chosen generalized coordinates and addimgplicated constraints
can increase this time significantly.

Several levels of detail are possible in the simulation, ie.the case of WRP1
the actuator models range from ideal torque sources todimgumodels of motor
current and rotor dynamics. Simulating one second of wglkakes about four
seconds on a Sun Ultra/60, when assuming “ideal actuatdrgiluding actuator
dynamics (electric and mechanic) approximately doublesehuired time, and cal-
culating all visualization and evaluation expressionsrusimulation increases the
required time with about 25%.

SFurther testing can be done by analytically reducing modeiglexity and study special cases, and
for WARP1, by using the automated script to reduce the n:o legs and:thdegrees of freedom
per leg.
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7.3.1. Simple controller again

The simple controller ( 5.1 on page 134) described in chapteses expressions
(Brib ByHP gnd J)), that are all automatically generated. This means that in
theory the leg controller should work even if the leg kineiggare changed in the
analytical model. A mechanical designer could therefolegest different ideas
for leg kinematics (using an actual controller) with veyidi extra work. In prac-
tice, the real hardware would of course have to be changeithdynand there are
limits to how the kinematics could be changed. For instaitds, not clear what
would happen if extra degrees of freedom were added, sirisectimtroller only
uses feedback on the foot’s position (not its orientation).

7.4. Discussion and summary

In this chapter we have shown how to combine and interfaceraktools to bridge
the gap between automatic model derivation and control@mphtation. This
method was used and developed while developing our fogelkgobot. The auto-
matic model derivation is capable of producing analytic eiedior entire classes of
robots (not just a specific robot type). Furthermore, théges is aided by being
able to analytically derive, generate and use various esjmes.

The rigid body model derived in Maple is not only used for diation, e.g. in
the case of WRP1, the kinematics is also used for control design. Yet amatke
is debugging, since in Maple, the analytic model can be tiga&ted by reducing the
equations through linearization or by looking at speciaksa

It is very useful for the designer to be able to easily derixpressions from
the model. In our application, we automatically derived ardorted expressions
that were used in the controller and for performance evialnabut we also see
the possibility to use this for mechanical design. The hbib easily generate and
export expressions saves the designer a lot of time, comparderiving them by
hand and then manually implementing them in the controliesimulator. Addi-
tionally, changes in the robot’s structure are automdtiaaflected in other tools
for purposes such as visualization, simulation and exfmesgor control design.

The generality is unfortunately not supported in full bytalbls. For instance,
Simulink’s graphical interface makes it difficult to desigrore generally applicable
controllers. The problem of too many signals was handledrégting signal busses
from which we used special methods to extract the desireghooants.

Another aspect is optimality with respect to speed and si¥e.have focused
on doing the tools generic, not optimal. Since expressioaggported as C-code,
optimization by Maple and the compiler(s) will affect siratibn and implementa-
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tion performance. Similarly, the performance of RTW and &P@al-time kernel
will also affect the implementation performance, i.e. theximum frequency with
which we can execute the controller. However, with a targétuBing a Pentium
350 MHz CPU, calculating the control signal from the cor&oin section 5.3 only
takes about 14@s.

One improvement to this chain of tools would be a closer cotime to other
CAD tools, in order to extract parameter values and perhégusthe robot struc-
ture. Another improvement would be adding specific suppmrisfandard control
methods such as linear state feedback controllers.

In this paper, we worked with a four-limbed robot and a siredaSCARA
robot, but we believe this method can easily be extendedher attructures. We
found the method to be useful and believe it has advantagasatiker tools for
robot simulation, control and implementation. Furtherejave are convinced that
these tools and methods will be very valuable for future weakidating models and
developing more advanced controllers.

To summarize the method it uses Maple/Sophia to derive models and expres-
sions for analysis, control design and simulation immaB /Simulink. RTW and
XPC are then used to implement the controller and perfornergxgnts. Note that
no low-level coding is necessary, once the tools have baegrated and combined.
As a final example, we had an idea for a simple trunk attituderober that dis-
tributes desired vertical leg forces based on the estimatitdde. Reusing parts
from the simple controller previously described, it tookde¢han 90 minutes to go
from idea to simulation and perform the first experiments &®apter 11).
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This chapter shows an example of Maple/Sophia code and dliaggxnforma-
tion file. The purpose is to demonstrate the use of Maple, i&aoid the MexFcn
module, as well as give a concrete example of the informagiqorted to MT-
LAB/Simulink. This example is based on a real robot arm (figut¢ &nd table 8.1
shows the amount of Maple/Sophia code needed for differarts pf the first two
steps in the list below. In total, it took about four hours totde following:

1. Use Maple/Sophia code to derive:

e arigid body model of the robot arm.

e a simple control expression for the robot arm.

e an expression that is used to animate the robot arm duringjadion.
2. Export the rbm and expressions toaMAB /Simulink.

3. Assemble a simulation model based on the exported rbmhanekpressions
for control and animation.

4. Run simulations where the robot is controlled and anithate

The focus of this example is on the use of the computer algaistam and exporting
the expressions, not on assembly of the simulation modelgimamplementation).
Figure 7.5 on page 180 in the previous chapter actually sfao®snulink block
diagram based on this example, where the original hiereathktructure of the block
diagram has been collapsed to produce a smaller figure.

Table 8.1: Lines of Maple code and n:o statements used in the robot eeamp

Part of Maple/Sophia code Lines Statements
Initialization, i.e. load Sophia, MexFcn etc 3 4
Define kinematics and derive the dynamic equations 36 30
Define signals, i.e. names and component symbols 3 3
Export three S-Functions 15 11
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Figure 8.1: Photo of the robot arm that this example is based on, andriitisn of the
rigid body model.

8.1. Description of the robot arm

Figure 8.1 illustrates the robot’s rbm that is comprisechoé¢ rigid bodiesB,, B-
and Bs. The robot's base is fixed and all three joints are rotationwhkre the first
and second joint (counting from from the base) coincideialiat The points are

denoted as follows:

e B, By and B3 denote the centres of mass of the three boffigsBy; and B;
respectively.

e Ji, Jo, andJs denote joints 1, 2 and 3 respectively of the arm, i.e. the a@ixis
rotation intersect the point.

e F denotes the endpoint of the arm.
The following standard reference triads will be used:

e fOis atriad fixed in the inertial system, where its third axigishe opposite
direction of gravity.

e f1, f2andf3 are three triads fixed in the bodi&s, B, and B; respectively.

The triads and the generalized coordinatgsy, andgs are defined through a series
of simple rotations as follows:

e Thetriadf1 is the triadf0 rotatedq; radians aroung0’s third axis (vertical).
f1's first vector is parallel to the horizontal projection oétarm.
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e The triadf2 is the triadf1 rotatedg, radians around'1’s second axis.f2's
first vector is parallel to/, J3, i.e. from the second joint to the third joint.

e The triadf3 is the triadf2 rotatedgs radians aroung2’s second axis.f3's
first vector is parallel to/s E, i.e. from the third joint to the arm endpoint.

8.2. The example code

The commented code for this example will now be shown. Thifeadears mem-
ory and loads software modules (e.g. MexFcn) and packagghiGandexmex() ).

> restart: # Cear nenory
cat (getenv("CAS"), "/share/ mapl e/ util/CS Tools.nmpl"): read(%:
OS_Tool s: - Read(" Chr Tool s", "MexFcn", " Sophi aExtras");

8.2.1. Define kinematics and derive dynamic equations

Declare (to Sophia) that the generalized coordinates anergkzed velocities de-
pend on time.

> dependsTi me(ql, g2, g3, wi, w2, w3):

Define the kinematic differential equations, kde:
> kdeL := [qlt = wl, g2t = w2, Qq3t = w3]:

Define the rotational relationsship between the triads.
> chainSinpRot ([ [fO, f1, 3, ql],

[f1, f2, 2, q2],

[f2, £3, 2, g3] 1):

Define position vectors from the origin of the base to diffengoints:
>r0 :=f0 &v [0,0,0]: # The origin..
# Joint 1 is a distance 'z0' above the origin

rJi1 :=r0 &t+ (fO &ev [0,0,z0]):

rJ2 :=rJ1: # Joint 2 coincides with joint 1

rJ3 :=rJ2 &+ (f2 &v [L,0,0]): # Joint 3

rE :=1rJ3 &+ (f3 &ev [L,0,0]): # Endpoint of arm
rBlL :=rJ1: # Bl coincides with joint 1

rB2 :=rJl1 &+ (f2 &ev [12,0,0]):

rB3 :=rJ2 &+ (f3 &ev [13,0,0]):

Derive the velocities of the points relative to the inerfraime, and substitute1t
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with wi, i.e. use the kde. Then simplify the result.
> for Pin [J1, J2, J3, E Bl, B2, B3] do
V|| P := &sinp subs(kdeL, fO &dt r||P);
end do:

Create the system velocity vectark, by collecting the velocities of the centres
of mass and the angular velocities of the rigid bodies intovadtor. The Sophia

operator&aV is used to extract the angular velocity between to triads.

> vK : = &Ksinmp subs(kdelL, &KM[ vBl1l, fO &V f1l, # Vel. for body 1
vB2, f0 &V f2, # Vel . for body 2
vB3, fO &V f3]): # Vel. for body 3

Find the tangent vectors from the system velocity vectoph&ohas a function that
does this, using the fact that the system velocity vectorbeawritten as an affine
function of the generalized speeds, w2 andw3.

> beta := KM angents(vK, [wl, w2, w3]):

Define dyad operators representing inertia of the bodiels mispect to their re-
spective centre of mass and triad:

> 11 := EinertiaDyad(l1x, I1y, 11z, 0, 0, 0, f1):
|2 := EinertiabDyad(l2x, 12y, 12z, 0, 0, 0, f2):
I3 := EinertiabDyad(l13x, 13y, 13z, 0, 0, 0, f3):

Define a system vector with momenturpg, and derive the time differential of the
momentumspkKt . The Sophia operato& * and&o are used for scalar multipli-

cations and inner products.
> pK := &Ksinp(subs(kdeL, &M[ nl &* vBl, 11 & (fO0 &aV f1),
m &* vB2, 12 & (f0 &V f2),
nm &* vB3, 13 & (f0 &V 3)])):
pKt := &Ksi np(subs(kdeL, fO &Kfdt pK)):

Define applied external forces and moments, and then assehdh into a Kvec-
tor. The masses of the bodies, B2 andB3 are denotedt, n2 andnB respectively,
while g denotes the constant of gravity. The torques applied byd¢h&tors at the
joints are denoted1, u2 andu3 respectively. Note that if the actuator at joint three
applies a torque af3 onto bodyB3, then a torque u3 will be applied to bodys2.
>FlL:= fO &v [0,0,-ml*g]: # Force onto body 1
F2 := fO0 &v [0,0,-n2*g]: # Force onto body 2
:= fO &ev [0,0,-nB8*qg]: # Force onto body 3
# Monents onto bodies 1, 2 and 3
ML := (fl &v [0,0,ul]) & (f2 &ev [0,u2,0]):
= (f2 &ev [0,u2,0]) & (f3 &ev [0,u3,0]):
1= f3 &ev [0,u3,0]:
Assenbl e forces and nonents into a Kvector
:= &M [F1, ML, F2, M2, F3, MB]:
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Derive the dynamic differential equations by projecting tlifference of the ap-
plied forces and momentum differential onto the tangentoresc Sophia has an
operator,&kane, which does this for us. The system of equations will be in an
implicit form that can then be solved for the acceleratidres, solving forwit ,

w2t andwat .
> # List of inplicit equations
ddelnplicitL := sinplify(beta &ane (F & - pKt)):
# Make sorted list of explicit equations
ddeExplicit := solve(convert(ddelnplicitlL, set), {wlt, w2t, w3t}):
ddeExplicitL := ChrTool s: -Sort Eq(ddeExplicit,|hs):

8.2.2. Define commonly used signals

Define signals by specifying their names and the symbolsctiraprise them.
> Signal s[gw] := gw=[ql, g2, g3, wl, w2, wW3]: # States

Signal s[gR]: = qR=[qR1, qR2, gR3]: # References

Signals[fu] := wu=[ul, u2, u3]: # Control signal

8.2.3. Export robot model

The rbm will now be represented byMexFcn-objectthat is then exported as an
S-function (robot.c) and an information file (robot_infg.see section 8.3). First a
new object is created

> arm:= MexFcn:-New(): # Create new MexFcn- obj ect
Then the system of differential equations, as well as thenitiefn of the required
input signals are assigned to the object

> arm-systenms := [[kdel], [ddeExplicitL]]:

arm-inputs := Signals[u]: # Input signals

and finally the output of the S-Function is defined

> arm-outputs := [Signals[gw], "rE"=&sinp subs(kdeL, fO&oOrE)]:
This is enough information to automatically determine wpatameters this S-

function will require, which is done by the methadm - Export () when it cre-
ates the information file and usesnex() to create robot.c.

> arm - Export (" nmex/robot", Sinmulink):
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8.2.4. Export animation function

The S-function, mkLineData.c, is also exported. It outpléscoordinates of points
in the robot arm that will be used to animate the robot duringutation.
> nkLi neData : = MexFcn: - New(i nputs = Signals[qgw]):
nmkLi neDat a: - out puts : =
Li neData=map(x->f0 & o x, [r0, rJ1, rJ2, rJ3, rg):
nkLi neDat a: - Export (" nex/ nkLi neDat a", Si muli nk):

8.2.5. Export simple PD-controller

Define and export a simple PD controller for the joints.
> PD := MexFcn:-New(inputs = (Signals[gw], Signals[qR]) ):
PD:-outputs :=[ u = [ ki1*(gRl-ql) + d1*(0-wl),
k2* (gR2-qg2) + d2*(0-w2),
k3*(gR3-g3) + d3*(0-w3) ] 1:
MexFcn: - Export (" mex/ PD', Simulink);

8.2.6. Exportingto MATLAB
The MexFcn-objects can also be exported for direct use AmiMB , e.g. from the
MATLAB prompt. This example creates and exports a simple funatiome line:
> MexFcn: - Export ("nmex/f", y(x) =sin(x+phi), MATLAB):
In this case, another functioexmat () , is used instead afxnex() for creating the

C-file. The information file is still used and allows the useegsily create objects
in the MATLAB environment that can be used as normal functions.

>>Par = struct('phi’, 0.3); % Structure with paraneters
>>f = MexFcn(' nmex/f’', Par); % Create MATLAB MexFcn-obj ect
>>f (1. 2)
ans =

0. 9975

8.3. Information file of the robot model

The information file, robot_info.m, looks like this (sligptrimmed):

% ROBOT_I NFO Return S-function information for robot

% Fi | enane: nmex/robot _info.m
% Created at: 2003-02-14, 19:08:56
% By: chr

% Stx: y = robot_info(type, S, index)
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% Fcn:  Return S-function information depending on ’'type’

% | n: type = One of the follow ng:

% 'p’ - List of Names of function paraneters

% 'ic' - List of nanes of initial condition values

% i’ - String with names of input signals

% 0 - String with names and w dths of output signals
% 'h’ - List of strings describing the function

% X - String listing the states of the S-function

% ’'xt’ - String listing the state derivatives

%
function y = robot_info(type)
switch type
case 'p’, % Names of paraneter
y = {11z’ "12x" '"12y’ "12z" "13x" 13y’ '"13z’
Lrgt 12 13 'k 'nB ' z0'}

case 'ic’, % Nanes of initial conditions
y ={'gql_0 'qg2_0 'g3_0 'wi_0 'w2_0 'w3_0'};

case 'i’, % Nares of input signals
y =u;
case '0', % Narmes and wi dt hs of outputs

y ='qw 6 rE 3’;

case X', % String with state nanes
y = {1q11 1q21 1q31 1M1 ‘V\Q’ ‘V\B’};

case ' xt’, % String with state derivatives
y = {'qlt’ 'q2t’ 'qg3t’ ‘wlit’ 'w2t’ 'w3t’'};

case 'h', % Hel p text and description
y ={ ...
"robot was automatically exported from Mapl e’
"I nputs: u(1:3) = [ul, u2, u3]l’
"Parameters: 11z 12x 12y 12z I3x I3y I3z Lgl2 ..."...
" Qut put s: gwm 1: 6) = [ql, 92, g3, wi, w2, w3]’

rE(1:3) = [cos(qgl)*L*(cos(qg2)+cos(q... ...
"Unused inputs: ul u2 u3
' St at es: gl 92 93 w1 w2 w3’ ...
"1.C.: g1_0 q2_0 g3_0 w1_0 w2_0 w3_0’
"State der.: gqlt g2t g3t wlt w2t w3t’ .
"Sys. of de: [qlt = wl, g2t = w2, q3t = w3]' ...
’ [wit = (ul-4*sin(g3)*cos(g2)"2*co..."};

ot herwi se, error(’ Unknown argunent’);
end
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Part |V.

Stability of statically balanced
robots with compliance
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Introduction to part IV

Part IV studies the situation of statically balanced rolvat@n compliance is also
considered. Typically, the static balance criterion ordnsiders that the centre of
mass is projected within the support area. In chapter 9 ihdsva that when the
combined system is not stiff enough, a so called “staticstiyple” stance is actually
unstable. The chapter studies a model corresponding tonarmpéymmetric robot
standing on a compliant surface. A criterion for when it eb$t is derived analyt-
ically for this case, and also experimentally verified. Gkaf0 then extends this
criterion to radially symmetric configurations and furtleralyzes the asymmetric
planar configuration.

In chapter the ground is no longer considered to be the causentpliance.
Instead, it originates with the robot controller and two tcolters are discussed: a
Cartesian position control of the feet; and a posture ctiatrthat uses force control
in the vertical direction. Both of controllers are analyZeda planar robot model in
symmetric stance on stiff ground. The posture controllerbieen tested on M&pP1
and some experimental results from this are also includecbimpleteness. Finally,
this part is concluded with a summary and discussion in enda.

Chapter 9 and 10 are partly based on work by Ridderstrom ghdadi in [158]
and [157]. The chapters also contain new results such asaysanof the asym-
metric planar case. The posture controller in chapter has peesented in a paper
by Ridderstrom and Ingvast [160].
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Royal Institute of Technology [100] in Stockholm.

| would also like to thank Takafumi Kinoshita and Andreas Wenti for their
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9. A statically balanced planar
stance on a compliant surface

A legged robot is said to bgtatically balancedor statically stablg, if a line from

its centre of mass in the direction of gravity passes thrahghsupport region (see
chapter 2.4 on page 38 for details). However, this does matya guarantee stabil-
ity. In fact, even when standing still with all joints lockeahd statically balanced,
it can still fall over! All it takes is a sufficiently compligrsurface. An example of
this will be shown in this chapter, where in a planar and syirimease, the robot

would fall over if )
mg T
—_— > — A
% ~ I (1)

wheremyg is the weight 2k is the vertical stiffness from the two legsjs half the
width of the support region andis the vertical distance from the feet to the centre
of mass. (A geometrical note — the left side of this ineqyatibrresponds to the
distance that the robot has sunk into the soft surface ifealiy elastic surface is
assumed.) This condition does not contradict McGhee andkiBrfl17] original
definition of static stability, since that assumestationary horizontal support sur-
face— clearly not the case when standing on a compliant surfatkerGtability
criteria have been suggested since then. Messuri and Kll28] flefined thenergy
stability margin(ESM), as the minimum energy needed to tip over a (rigid) elehi
Nagy et al. [129] later defined both thgid stance stability measum@nd thecompli-
ant stance stability measu(€SSM), where the former is equivalent to ESM. The
CSSM is one of the few measures for stability on compliarmater More recent
results on energy measures have been produced by Yoneddrasd 4,75, 206].
This criterion (9.1) is valid for a static balance strateggere motions are
planned so that the projection of the centre of mass remath@gwthe support area
(see sections 3.1.1 and 3.3 for examples). In order to usekihd of result for
other balance methods, it would at least have to be extemdadltide some kind of
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equivalence of “control stiffness”. A commonly used stggtéor bipeds is based on
the zero-moment poinfirst introduced by Vukobratogiand Stepanenko [194, 195].
It can be thought of as a dynamic version of the static balariterion that includes
the inertia of the robot.

Gao and Song [45] actually worked on force distribution, their definition of
aleg stiffness matrixshows how the compliance due to the ground can be lumped
together with the compliance due to the leg’s structure atdadors. They note
that the stiffness matrix is actually a function of the fegvosition with respect to
the trunk. One can think of the stiffness matrix as a gereatidin of two springs
connected in series. It should be possible to include c@npd from the controller
in a similar manner. However, there are differences betvwggennd compliance,
and compliance that depend on the robot’s orientation.

9.1. Models

The robot model used to study stability needs to include diamqe. This compli-
ance can come from the ground (soft terrain), the feet, ciamqe in the mechanical
structure (legs and trunk) as well as from the actuators r@mdmission. For exam-
ple, in our quadruped robot NP1 (figure 9.1a), there is definitely compliance in
the feet (rubber pads) and in the transmission system basstée wires. The robot
weighs about 60 kg and the feet are small, so on soft terraiautd sink down. See
chapter 5 for a detailed description of the robot.

Figure 9.1: a) WARPL1 on a balance board. b) Ideal legged locomotion machine on a
horizontal compliant surface.

A model of such a system easily becomes very complex. Kinenaatl dy-
namic differential equations for ¥&p1 have been derived (chapter 6) in a symbolic
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form, but the size and complexity makes analysis of thesatems difficult. Con-
sider instead as a first step the model shown in figure 9.1, wiksless legs and
foot contacts that are approximated as point contacts h&umtore, all compliance
is considered lumped together as soft terrain. Howeven #vat model becomes
complicated and a planar approximation will be used firste @mwtivation for this
planar model is to imagine a four-legged robot standing tighlegs close together
in the lateral direction, but with a much longer distancenaen the front and rear
legs. Then, looking at the imagined robot from the fronts iapproximated with the
model shown in figure 9.2.

A stability analysis of the planar model (figure 9.2) is themfprmed symboli-
cally using computer assisted algebra tools in a standarchenas follows:

Derive differential equations for the model of the mechahgystem.

Determine equilibria.

Linearize around the equilibria.

Determine eigenvalues and analyze them to determineistabil

9.1.1. A planar model

Even in the case of a planar model, there are several choiclesling

¢ inverted pendulum with torque spring
e Wwith or without horizontal springs
e vertical spring only

Here the third model is discussed, but the others have aodralyzed to varying
extents, producing similar results.

The planar model (figure 9.2) is assumed to be rigid and stgrat two identi-
cal vertical springs and dampers (stiffnessdamping=) at the points’; andCs.
The feet have sunk the distanggsandd, into the ground. The width of the base is
2r, and the parameter determines the relative position of the poiton the base
line C;:C>. When~ = 0, the configuration is symmetric. The poiBt represents
the system’s centre of mass, located a distadnedove the base line. To simplify
understanding of the geometry, the anglé included. Here, we will consider the
case whery = 0.

The generalized coordinates akg 6, andg; whereq; is the horizontal position
of the centre of mass. Since only vertical forces play ang iolthis model,q;

201



9. A statically balanced planar stance on a compliant serfac

ql 'E N

o
B

Y l:(_l!l)
(herey = 0.3)

Figure 9.2: Planar model of robot standing on horizontal soft terraime @ash-dotted
line represents the ground, into which the left and right Feeve sunk the distancés
ando, respectively.

will be irrelevant in the final equations. The computer dssisalgebra software
Sophia[106] with Maple [198] were used in the derivations (see chapteiOfly
the results are included to save space.

The generalized speeds were chosen as follows

w, = w-ng
NarNB

wy = 875 - 13
NarNB

w3y = o1 s 1

i.e. wy is the angular velocityw, is the vertical velocity of the centre of mass and
ws is the horizontal velocity. To derive the kinematic diffetial equations, these
equations were simply solved oy, d, andg;.

The dynamic equations are not shown because they are langglicated and
would not contribute anything. The equilibrium points canfbund by solving the
following equations (obtained through the dynamic equetias usual, i.e. setting
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all velocities and accelerations to zero). To simplify tlgiaions, the following
coordinates are introduced:

5 — 0y — 01
2r

5 — 02 + 01
2r

wheres corresponds to the difference in displacement &@taithe average displace-
ment. In these coordinates, the equilibrium equations eanrfiten as follows

mg = 2kor
hés = V1-62(6—~0)r
which have the following solutions whey=0

5 = mg_ar
0 = 2kr  h (©-2)
d = 0ord==4v1-a?

where the dimensionless parameter group

mgh
a =
2kr?

has been introduced. Three equilibrium points can exisy dnk < 1 sinced
must be real. The equilibriuni=0 corresponds to a vertical equilibrium, i.@=0
(61 = 02 = Gf), whereas) = ++/1 — a? corresponds to an equilibrium where
o = +arcsin <\/1 — a2). Whena is small, this corresponds to large implying
that the centre of mass is outside the support area, anchthatjuilibria are invalid
for a real robot. A detailed analysis based on the consttiaatt; andd, cannot be
negative, shows that= ++/1 — a2 is only valid when it corresponds to the centre
of mass being directly above one of the feet. In that cases 0 andd, = 72 or
vice versa.

The next step in the analysis is to derive a linearized systemnd the equilib-
rium point corresponding =0 ands = 4+ Areduced system, where the irrelevant
horizontal dynamics has been removed, is as follows

0 0 —r -1

. 0 0 r -1

T = rk(a—1) rk(1—a) 2r2d 0 Zz
m m 0 =25
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T
2 2 . .
wherezr = (61 — 45, 0 — %, wy, ’wg) . The eigenvalues for this system are as

follows

A\ d+vd?> —mk
12 = ——
m

and

rd+r\/r2d?>+2(a — 1) I,k
Iy

A3 4= —

from which we easily see that the real parts\@f, will be negative if onlym and
k are positive. Similarly, ifa < 1 the real parts ofs 4 will also be negative if in
addition I, is positive. Sincen, k, d and I,, are all positive, we end up with the
conclusion that the equilibrium point is asymptoticallgptse if and only ifa < 1.
Doing the same for the remaining two equilibrium points shdhat they will be
unstable ifa < 1.

Note that the equilibrium point can be unstable even thohglptojection of the
centre of mass is actually in the centre of the support, tiyrét contrast with what
you would get from a static stability analysis. To verifygiionclusion, equipment
was built and experiments performed.

9.1.2. Comparison with CSSM

The criterion (12.1) has been compared with the requirerettthe CSSM must
be positive, and it was found that they produce very simitamctusions. There
were some differences, especially for small However, the main difference be-
tween these criteria is that (12.1) verifies local stabiltyereas the CSSM only
approximates a measure of global stability.

9.2. Experimental verification with a test rig

It is difficult to experimentally find an unstable equilibmiu The system was there-
fore started in a stable equilibrium and the parameteras slowly varied by in-
creasingh until the equilibrium point becomes unstable. This is tifated later
in figure 9.5, where the height at which the system becameabilests plotted as
a function of the radius. Movies of these experiments candomd atht t p:

/ ww. md. kt h. se/ ~cas/ novi es/ bal ance_ri gg.
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9.2.1. The equipment

The experiment rig is illustrated with a sketch and a photfigare 9.3. It consists
of an aluminum framework with a movable mass at the centre righis hanging
from the ceiling in two steel wires, each connected in seviésa spring. The lower
part of each spring is then connected by two strings to the efithe horizontal bar.
When the parameters are close to those of the bifurcationt,be system becomes
extremely sensitive to perturbations. It was thereforeassible to manually change
the height of the movable weight and a DC motor at the top ofvidntical bar,
together with a wire-and-pulley system, was used instead.

Figure 9.3: Sketch and photo of the balance rig

The only interaction with the environment is through theektgires from the
ceiling, the electrical wires and air friction. Suspendihg rig in wires virtually
eliminated dry friction. The two horizontal parallel barg dhere in order to avoid
rotations around the wrong axis. This method produced a wedamped system,
so a damper was attached to the bottom of the rig — a part ofigheas simply
submerged in water.
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9.2.2. The method

Using the rig it is now possible to slowly raise the movablessyghereby effectively
changing the parametérand consequently.

In each experiment two springs and a specifiwere chosen. The distance
between the parallel bars was adjusted to mafcis well as the distance between
the ceiling attachment points. Then the lengths of the st@els were adjusted so
that the equilibrium was vertical, i.e. the vertical bar wasallel to a lode. However,
as the height is increased, small errors in the trimming efwlire lengths cause
large deviations of the equilibrium. Therefore the lengbhshe steel wires were
repeatedly fine-tuned until the equilibrium was verticadewith higher heights.

Then the movable weight was raised slowly and in small stejfith pauses in
between) until the rig tipped over. This procedure was reggkaeveral times for
eachr.

Sensors

To increase the accuracy, a measuring system based oroulich&/as used to mea-
sure the height of the movable mass as well as the changes irettical bars ori-
entation.

Estimation of parameters

The ultrasonic measurement system was also used to measustifiness of the
springs and the steel wires. This was done by hanging antolj#ftknown mass
in the spring (or steel wire) and making it vibrate vertigallhe measured motion
was then be fitted to a simple spring/damper model to obta&istiffness.

Lengths and masses were measured in a straight forward néyhea centre of
mass for the fixed part of the rig was obtained by balancingithen a sharp edge.
The measured distance between the movable weight and tee@bte rig,.,, was
then used to calculate the systems centre of mass.

Accuracy and uncertainty

The largest errors in the measured data stems from the aimtess of the stiffnesses
and the position of the centre of mass. Additionally, clas¢he bifurcation point,

something that resembled dry friction was encounterechdutie experiment. This
was probably caused by the dynamometers that were usediagsspimhere was
some chafing between two of the tubes inside the dynamometers
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Table 9.1: Measured data of the balance rig

Parameter Uncertainty

Movable weight my;  1.00 0.01 kg
Total mass m 4.00 0.01 kg
Combined stiffness & 371 18 N/m
Spring stiffness kspr 378 8 N/m

Rig/wire stiffness  k,,, 9800 1000 N/m
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Figure 9.4: The bifurcation time was manually determined from graphlehsas this
(zoomed in around the bifurcation point). For each set ohpeaters the experiment
was repeated several times and the graph studied.

Extraction of data

The actual point when the bifurcation occurred was detezthivy studying a graph
of the orientation ), and deciding when it starts to fall over (figure 9.4). Thiea t
height of the movable mass at this time was used to calcuiatedight of the centre
of mass.

9.2.3. Results of experiment

Performing experiments with different values for the radwoduced data that was
consistent with the theory. Table 9.1 shows the results ifterdnt values of the
parameter- and the corresponding measure@nd estimated value af. The last
column contains an estimate of the maximum error that shbelgossible in the
estimate ofz, taking into account estimates of parameter uncertainties
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h versus r
1.2
1 + Experimental data
Theoretical data
0.8 +
- +
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+
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0.2 - :
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Figure 9.5: Plot of experimental result compared to theoretical resdlhe plot shows
the height at which the system became unstahleas a function of the radius Sev-
eral measurements af. were done for each. The dots correspond to the theoretical
limit, and the '+'-symbols to thé. as measured in the experiments.

The result agrees fairly well with the hypothesis that thHaroation occurs when
a = 1. It is disturbing that the relative errors are all positigce that could
indicate a systematic error in the experimental methodr{@reor in the hypothesis).
Another way of illustrating this data is shown in figure 9.5)exe the measured
height at the bifurcation is plotted as a function of the paaterr.

9.2.4. \Variation of ~

In this experiment, the width of the base was kept constadtyawas varied. It
seems that the bifurcation height, i.e. when the systemrbesainstable, does not
vary significantly with respect tg! However, with a larger magnitude (of), it
became increasingly difficult to trim the system to obtaim ¢kable vertical equilib-
rium

9.3. Domain of attraction
This section investigates a subset of the domain of attmadtir the symmetric equi-

librium. It is a subset since we assume that all initial viéles are zero and that the
system initially is in a vertical equilibrium. First considthe case of a standing
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on a hard surface. The domain of attraction for this caseespands to the initial
projection of the centre of mass being inside the suppod. arhis is expressed by
the following condition

n; -r“% > 0andn; - %2 >0

that simply states that the horizontal distances fi®no the contact points must be
positive. With some trigonometry we can show that this is\ejent to

(1+’y)%+tana>0and(1—fy)%—tana>0

which can be rewritten as . .
tana+ | < T
ano + vy 3 3

With v = 0 it is easy to see for what initial angles the stiff system wistable, but
what about the compliant system?

Simulations were run to answer this question and the reatdtshown in fig-
ures 9.6-9.8. In the figures, each symbol represents thit efsusimulation, where
a dot means it was stable and arthat it fell over. The vertical position of each
symbol indicates the value af for that simulation and the horizontal position is
related to the initial stability margin. A symbol’s coordies are determined in this
way
rBCQ

(T_nl' |t:0’“)'

Whenag = 0 the horizontal position is 0 and it increases with If the horizontal
position isr, the initial stability margin is zero. A robot standing ont#f surface
would only fall if starting outsidé—r, ). This limit is illustrated by dotted vertical
lines in the figures.

Furthermore, the initial velocities were all zero and thiiahvertical position
was chosen so that the sum of the ground forces equals thatwiedy in a vertical
equilibrium.

Given a value fora, the stiffness was calculated for each simulation. In fig-
ure 9.6, the height is = 1 and the width is- = 0.1. For these parametets~ 1
corresponds td& = 500. Figure 9.6 seems to indicate that as longzas 1, the
result is the same as for when standing on a hard surface. tfiikas not true is
shown by figure 9.7 where ~ 1 and we can see that starting with a small, but
positive, stability margin may still result in a fall.

This effect is more evident in figure 9.8 where= 0.5, corresponding t& ~
240 whena =~ 1, i.e. the ground is softer. Still, it seems that unless thstesy
is very compliant, it is in practice enough to require that 1 together with the
normal condition for static balance.
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9. A statically balanced planar stance on a compliant serfac
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10. Extensions — radially symmetric
and planar asymmetric stances

This chapter continues the analysis of a robot standing aongpliant horizontal
surface. The criterion from the previous chapter is extdridehree dimensions for
two-, three- and four-legged radially symmetric stances. the symmetric planar
case, a simple “proof” and and intuitive explanation is preed. Itis also suggested
that local asymptotic stability could be determined in aganway by comparing
the “torsion stiffness due to gravity”, with the “torsionftess due to compliance”.

Finally, the asymmetric planar case is studied further byafizing equilibria as
a surface that depends on two dimensionless parametetbeFuore, the stability
of points on this surface are numerically determined and/ah&inally, an example
is given of how this surface can be used to reason about robtbms that are
statically balanced when compliance is included.

10.1. Radially symmetric models

The model in the previous chapter was planar and we will ngwiawork with a
more complete model. Consider tideal legged locomotion machin@icGhee and
Frank [117]) illustrated in figure 9.1b. A rigid body is asseginwith massless legs
and the foot contacts are approximated as point contactsrenthe force exerted
by the legs must be directed into the supporting surface. itibdally, consider
all compliance to be lumped together as linear elasticitthensupporting surface.
However, even this model is complicated.

Instead, figure 10.1 illustrates models of two-, three- ang-fegged radially
symmetric stances, where the trunk has masswith the centre of mass at the
point B. The inertia parameters,, I, and I, are expressed relative 8. The
supporting surface has stiffnegdsand dampingd, at each of thel feet that are

211



10. Extensions — radially symmetric and planar asymmetaoces

Figure 10.1: Models of two-, three- and four-legged radially symmettanses.

placed evenly on a circle with radiusaround the pointd. The distance frond
to B is denoted byh, andg is the constant of gravity directed downward. The
parametersn, g, k, I, I, I, h andr are all assumed to be positive.

For L. = 2, the criterion is

mgh
Lkr2

=a<1 (10.1)

and maybe this naturally extendsitdegs? To determine this, the differential equa-
tions were derived for a robot with legs supporting a rigid body, i.e. there are six
degrees of freedom. The generalized coordinates are ckodbat

VB = qin1 + gong + g3ng

andqy, g5 andgg give a yaw-pitch-roll transformation frov to B. The generalized
speeds are chosen so that
NgpNB
ot

= winj + wohy + w3ng

and that
w = wgn| + wsng + wyns.

However, since purely vertical forces are assumed, thetieqsabecome simpler
around the vertical axis, and along the horizontal axes.inguhe analysis of the
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10.1. Radially symmetric models

planar model, several linear ground models were testedhEdrorizontal and sym-
metric case, it seemed enough to only use the vertical fqfoes non-horizontal
surface this is obviously not true).

As in chapter 10, the stability analysis was done symbdjiasing computer
assisted algebra tools in the following standard manner:

¢ Derive differential equations for the model of the mechahgystem.
¢ Determine the symmetric equilibrium (the vect®r is parallel to gravity).

Linearize around the equilibrium.

Determine eigenvalues and analyze them to determineistabil

10.1.1. Two-legged stances — planar and 3D

A repeated analysis of the planar model using a 6-dof modmlymes the same
result, except that it can now fall “out of the plane”. Thaidas the relevant eigen-
values are as follows:

A\ d+vd?> —mk
12 = -
m

rd+\/r?d®> +2(ag — 1) Ik
Iy

N34 = —

where
mgh

T 2%kr?

Itis easy to see that the real parts\af; will be negative. The real parts of 4
are negative iti; < 1, leading to an asymptotically stable equilibrium (ignorihe
singular case of zero eigenvalues).

as (10.2)

10.1.2. A simpler proof

Why does the system become unstable? In order to intuitivedierstand that, con-
sider figure 10.2a, illustrating the planar model in equiilin. In figure 10.2b it has
been perturbed by a small anglex and the corresponding approximate displace-
ments are illustrated. The approximate torque changd,, around the poinl can

be written as follows

AM = Aamgh — Aar’k — Aar’k.
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10. Extensions — radially symmetric and planar asymmetaoces

a) om b) i~ =~Aah
T« Aa
h
F,=kd, F,=ko, AF=kAar AF=-kAar
t t Ad=Aar -
r A r V— AS=—NAar

Figure 10.2: a) Symmetric equilibrium configuration. b) Perturbed comfégion.

The torsion stiffness can then be calculated as follows

AM
Ao

— 2, _ o2, [ Mgh — 9,2
—mgh—2rk—2rk<m—l>—2rk(a—l).

Whena < 1, the stiffness is negative and the equilibrium is stablecgsithe torque
change will counteract the perturbation). Alternativéitynk of the problem directly
in terms of stiffness due to the ground, versus stiffnesstdugravity. The two
springs acting at the feet comprise a torsion spring witnstss

ky = 2r2k.
Now rewrite the stability condition as follows

mgh
=

=a<1l <& mgh<k,.

The torsion stiffness due to the grourid,, must be greater than the stiffness due
to gravity, mgh. This is similar to the well known example of a buckling beam.
It seems to have been overlooked in the research of leggedimeac There is of
course one major difference: typically only unidirectibgeound forces are possible
for legged machines (as is assumed for an ideal legged Id@mmmachine). For
instance, a stable equilibrium for the buckling beam camesmond to a situation
where one of the feet are above the ground.
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10.2. AnL-legged stance — using the stiffness

10.1.3. Three- and four-legged stances

For the three-legged stance, the following eigenvaluesespond to the symmetric
equilibrium:

1
N o= <3di V942 — 12mk )
m
Ao o= —— 3dri\/3dr — kI, (1—as)) i=34
i, ’
N o= 3dri\/(3dr)2—24kl (1-as)) i=56
1 4I:c T 3 )
where —_—
mg
- . 10.3
47 g2 (103)

For the four-legged stance, the following eigenvaluesespond to the symmet-
ric equilibrium:

A = %(diﬂ) i=1,2
i = i—:(dri\/dr —2kI, (1—a4)> i=3,4
N = %(dri\/dr — 2k, (1—a4)>i:5,6
where
ag = 2}‘52 . (10.4)

The first two eigenvalues correspond to vertical modes, badaist four to tipping
modes. Reasoning as in the planar case, we see that théeqmilis stable when

ar <1, L =3,4.

10.2. An L-legged stance — using the stiffness

A torsion stiffness can be calculated in a manner similah#d in section 10.1.2,
generalized to three dimensions. In the three-legged stahe stiffness i%er
and in the four-legged stance, the stiffnes@is?. Comparing this taiz anday,
indicates that the stability can be predicted by comparirgtorsion stiffness to
mgh.
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10. Extensions — radially symmetric and planar asymmetaoces

The calculation of the torsion stiffneks around the poin# is briefly described
below. In these radially symmetric stances, the torsidimess should be indepen-
dent of the horizontal axis around which it is calculatedcépt of course in the
two-legged case, where tipping “out-of-the-plane” cgpmxs to no stiffness at all).
Using the computer algebra system, the stiffnesses werelatdd by evaluating

L
k. :ZrAPl X (K-ArAPl)
=1

wherer4” is a vector from the pointl to foot!, K = knsns represents the ground
stiffness andAr“?: is a displacement due to a small rotation. The displacensent i

calculated as
3
D
n, w’

=q* =1

NarAPl
ot

ArAf =

where the dyadgg’:1 Lo eliminates the angular velocity components created by
the time differentiation wherg = ¢* denotes the equilibrium point.

10.3. Analysis of asymmetric configuration

The planar asymmetric case # 0) will now be studied further. It is more difficult
to analyze and the results are also more difficult to visaali@ome of the figures
will show three-dimensional surfaces that can be difficultsee”.

The model was illustrated in figure 9.2 but its differentigbiations have been
derived using the same generalized coordinates as in selflid. By introducing
dimensionless parameter groups, the equations of equitibcan be written as fol-
lows

sin «

R+ tan o — = 0
a

1

q3+Rsina—cosa+y =0

where R = ~r/h, k' = 2kh/mg and ¢ is the vertical position of the trunk’s
centre of mass. Note that these equations only represesal &quilibrium, if it
corresponds to the robot being supported by both feet. Qoiestly, some of the
equilibria do not exist for an actual robot, but this will lggored here.

The equilibrium equations need to be solved for hethndgs, but we can note
that the first equation only depends @nand oncex is known the solution fogs is
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10.3. Analysis of asymmetric configuration

w a a05 g 0
0.5

/ R R
05 05  -0.1-006 0.06 0.1
\azlS -0.51
\*\\\x\\ _17 \
(a) Curves for three values af (b) Curve fora = 0.8

Figure 10.3: The curves correspond to (10.6) for different values ofntersections
with a vertical line correspond to solutions of (10.5) and if- 1, there is only one
intersection(b) shows several vertical lines for different valuesof

trivial. The first equation can be rewritten as

sin o

R=—tana+ (10.5)

a

where solutions to this equation corresponds to inteisestetween a vertical line
(atz = R) and a curve

sin o

z(a) = —tana + , y(a) =« (10.6)
as shown in figure 10.3. Note that depending on the value, tiie vertical line
can intersect the curve either one, two or three times. Quesdly the number of
equilibria also vary between one, two and three.

Figure 10.4 shows how the number of equilibria depend on Hrametersq
andR), where there are three equilibria below the curve, twoldxid on the curve
and only one equilibria above the curve. A bifurcation oscwhen crossing this
curve and the corresponding equilibrium that bifurcatedde shown in figure 10.4.

The complete equilibrium surface is shown in figure 10.5, ihle symmetric
equilibrium solutions have been drawn on the surface ag tifiek curves. Given
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10. Extensions — radially symmetric and planar asymmetaoces

1.2*:

17 1 solution
0.8 i -

] 1
a0.6- y N\ R S

041 2 solutio’ﬁs i‘salutions m
O.2§ 3 solutions I

0? ‘ ‘ ‘ | ;_1 Sym_rr)etlric

-1 0= 1 2 equilibria
(a) Number of equilibria (b) 3D-view of equilibrium trajectory

Figure 10.4: a) There are two equilibria along the dashed curve, one adodé¢hree
below. This curve is also shown in 3D, where the vertical &xtbe equilibrium angle
and the symmetric equilibria are drawn. The thick curvedsagut the equilibria that
bifurcates when changing regions(a.

a point in the parameter plane, the equilibria corresporidtéssections between a
vertical line going through that point and the equilibriunrface.

As in the symmetric case, itis possible to linearize theesysaround an equilib-
rium point and study the eigenvalues. Deriving the lineatigystem for an arbitrary
point is straight forwart} but the expressions for the eigenvalues are too compli-
cated to make much sense. However, it is still possible toanioally evaluate the
eigenvalues at various points on the equilibrium surfackis s illustrated in fig-
ure 10.6, where light dots indicate that all the eigenvaha& negative real parts at
that point. The light dots represent stable equilibria, suitthl conditions close to
such a point means it will remain there. From the figure, ikiolike all points “in-
side” the bifurcation curve are stable. However, even thahis seems very likely,
the figure is not a strict proof. Calculating the eigenvalteruired assigning spe-
cific values tod, I, andr, so for other values of these parameters the figure might
look different.

Now assume that the figure is representative for a real rahotigg on a soft
surface, or even explicitly generated for the parametetbaifrobot. For a specific
robot, the dimensionless parameters are now completedyrdiated by the position

INot by hand, but using a computer algebra system.
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10.3. Analysis of asymmetric configuration

Figure 10.5: Equilibrium surface for planar model. The three thick csre¢R = 0
correspond to the symmetric equilibria solutions (9.2).

Figure 10.6: Equilibrium surface for planar model where the white dotfiéate that
all eigenvalues at that point have a negative real part.

219



10. Extensions — radially symmetric and planar asymmetaoces

w
: 0.1 0.2
R

--0.2

-—0.4

Figure 10.7: The white line shows the equilibria correspondingite= 0.5, » = 0.1
andy = —0.9...0.9, i.e. as the trunk slowly moves from one side to the other.

of the trunk relative to the feet. Furthermore, assume tmatobot is in a stable
equilibrium. This equilibrium will correspond to a point ¢ime equilibrium surface
in figure 10.5. By varying the parameters slowly enough, timt will remain at
(or very close to) the equilibrium point as that points moilang the surface. An
example of this is shown in figure 10.7 where the equilibrivajectory corresponds
toa = 0.5, = 0.1 andy = —0.9...0.9. This curve gives the real motion of the
robot and if the equilibrium undergoes a bifurcation theotolsill fall. It should be
noted that the system is likely to become more and more s8enai it approaches
the edges of the stable part of the equilibrium surface. Adsoember that it has
been assumed that both feet are in ground contact.
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11. Compliance in the control

In this chapter, the ground is no longer assumed to be complizstead, the compli-
ance is “caused” by the fact that controllers use low feekllgains. Two controllers,
that have both been tested om®p1, are analyzed using planar approximations. In
the first case, the feet are position controlled in Cartes@rdinates and in the
second case, a posture controller uses force control indhieal direction. Some
experiment results from when this posture controller watetton VARP1 are also
included at the end of this chapter.

11.1. Cartesian position control of the feet

This controller is only intended to keep the feet still. A {@afan position control
law, for a force between the trunk and a féptan be written as:

f_p. (rBPl,ref _ rBPl) _D.yBR

whereP is the stiffnes and the damping. The Cartesian system is assumed to
coincide with the trunk triad and the control law can therefoe written as:

Bfl _ Byl <BTBPl,ref _ BTBPZ> _ BplB,BP, (11.1)
where we use diagonal stiffness and damping matrices:
kl dl
Bl — ko and®?D! = do . (11.2)
k3 d3

11.1.1. Implementation on W ARP1

This kind of control law (but with velocity references and @nrconstant position
reference) has been used witha®Pl to make it both crawl and trot [84]. See
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11. Compliance in the control

section 5.3 on page 133 for an overview of the control stre¢twhere the torque
control law (5.1) already contains (11.1). Note that (5slgxpressed in terms of
vectors between the hig() and the feet. However, this does not change anything
as long as we ensure that the reference satisfy this equation

rBPL,ref _ rBHl + rHPl,ref.

As for the Jacobian, we have that

. 9BBP 9BrBH  §BpHP B HP
J pr— pr— p—
dq dq * dq Jq

sincer?# is fixed relative to the trunk.

11.1.2. Analysis

A planar version of this controller will now be analyzed. Asdection 10.1 we
assume that the robot can be modeled as an ideal legged ltoommachine. This
time the ground is stiff and we assume that the feet do nat 3@ parameters:
andg are again the trunk mass and constant of gravitybamdr are now used in
the position references

rBPrel — _yby — hbg
rBr2rel  — rb) — hbg
whereh is the desired trunk height ard is the width of the stance (and robot, since

the desired position is under the hips).
The dynamic model uses the following generalized coordsiat

VB — q1b1 + g3bs andqg =«

and generalized speeds

Deriving the system’s differential equations and detemgrithe (symmetric) equi-
librium gives that it is:

T
* mg
=10,0,h — —

q |:7 ) 2k3:| )

where the trunk has sunk down a distance

mg
s
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11.1. Cartesian position control of the feet

relative to the desired height. The displacement is dueg@dmpliance in the con-
troller rather than the ground this time. Linearizing ardtme equilibrium produces
these dynamic differential equations:

Lin = evt2dy [0 Ty e (mg)
’ ks m 2k2
(2r%hks — mgr® + gI,) g2 + dgr? <2h - %) wo
3
. Ky d ,
3 3
mws = —2k3qs — dzws

where the coefficient; is

(mg)® k1 k1 2 1y
= 1-—— hl2——1| -2k (h —= 1.
c1 ks s +mg s 1 + ™

Two eigenvalues are easy to find for this system:

A2 =
but the remaining four eigenvalues are the roots of a largetia@egree polynomial.

A necessary criterion for the real parts of the eigenvalodsetnegative, is that the
polynom’s0" coefficient is positive. This criterion can be written agdals

0 < 2ks <(mg)2 (ky — ks) + 2k ks (2kgr? — mgh))
which requires a positive horizontal stiffness, i.e.
ki > 0.

To further simplify the expression, let us replace the patans with dimension-
less equivalents, i.e.

mak
ki = fbl

mgks
ks = .
3 h
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11. Compliance in the control

8
10§

Figure 11.1: The surface illustrates the critical point for differentues of the parame-
tersky, k3 andy. The criterion is satisfied for points above the surface hisigffnesses

allow a narrower stance, and fé{ > 1, the vertical stiffness is more important than
the horizontal stiffness.

This is inserted into the inequality and simplified as folfow

2
0 < Fy—Fg + 2k kg (2@% — 1)

2
by < (1+2k3 (ng%—l))

) 14 2k, (21%32—2 _ 1)
— < %

- 11.3
0 o (11.3)

This criterion is illustrated in figure 11.1, showing a sodahat satisfies the
eqguation
|12k (2 — 1)
— = _ . (11.4)
k1 ks

The criterion is satisfied when the parameters correspomdptmint above the sur-
face. We can see that with high stiffnesses, the stance caarewer and also
that the vertical stiffness is more important than the tomal stiffness (fok; > 1

anyway).
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11.2. A simple force based posture controller

11.1.3. Comparison with W ARP1

It is now possible to test if (11.3) is satisfied for some tgpicontrol parameters
that are actually used during the control oARP1. Since WARP1 has four legs and
this was a planar model, the control parameters froaR¥WL must be doubled. A
typical leg control stiffness is about 4 kN/m vertically ah@ kN/m horizontally,
corresponding td; ~ 7 andk; ~ 17. For these values, the critical value pfis
about 0.19, but typically WRP1 use a wider stance with a ratio of 0.5. This agrees
with the fact that VKRP1 is easily capable of standing using these values (in both
simulation and reality).

A few preliminary simulations have also been done where thigha(of both
stance and trunk) was reduced. As the parameters approdohedtitial point,
WAaRPL fell, and seemed to fall faster as it was closer. Howevdy, ariew cases
were simulated using full models of MéP1 and the simulations are time consum-
ing. It is probably not feasible to verify the surface in figurl.1 in this way, but
requires simulations using a reduced model. The resullli;xresting and before
the analysis we did not expect it to be so difficult fon®#P1 to remain standing
using this controller when the stance was narrow.

Note that this criterion is unlikely to be accurate fom®P1 since it does not
model the actuator dynamics, multiple rigid bodies nor ienpénation of the Carte-
sian stiffness/damping control.

11.2. A simple force based posture controller

A simple force based posture controller [160] will now firgt escribed and then
analyzed in a similar manner. The posture controller isdasea few simple ideas:

1. Use force control vertically and position control horizlly

2. Use simple rules to distribute leg forces

3. The supporting surface should not have to be horizonahap or even static
4. The heightis not easily defined for a legged robot, useagesof “hip heights”.

The goal of the controller is to track a desired height aniud# (roll and pitch
angles), i.e. a desired posture. This is to be done withoytkanwledge of the
ground type or orientation. Furthermore, only on-boardseenawill be used. In one
of the experiments, the ground is not even static since thetlis actually standing
on a balancing board that is being tilted back and forth (&dLi.2).

Methods to control balance similar to the one describedigghper have been
used before, see for instance section 3.2.1 (ASV) and $e8tlo3 (Sky-Hook sus-
pension). There has been more research on this subjecpfa$[86, 145]. Similar
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11. Compliance in the control

Figure 11.2: WARP1 on a balance board.

to the method used in the ASV, we would like to control the ki'sirposture by
distributing the forces applied onto the trunk by the legawiever, we do this in
a simpler way, by using a hybrid control of horizontal footsfiimns and vertical
forces. Another method to distribute the forces is to fomt®ia quadratic optimiza-
tion problem, like Chen et al. [20]. This method has mostlgrbeised in simula-
tion ([82] [20]), with the ASV as a rare exception.

Simply put, in order to increase the trunk height, all vertieg forces are in-
creased by the same amount. Similarly, to pitch the trunkdod, more vertical
force is applied by the rear legs and less by the front legsveder, there are some
problems. One of them is the need for a good estimate of th&'trarientation and
height. Further, when the ground is unknown, it is not obgibow to define the
height. Here it is defined as the average of the hip heights.

11.2.1. Posture observer

The trunk orientation is estimated by a high-gain algorithesed on data from on-
board sensors (three rate gyros, two inclinometers andaosdesiometer). Two sets
of gains are used in the algorithm depending on how abruiptiyrtink moves (mea-
sured by the accelerometer). During abrupt motions, thaimmoeter gain is much
smaller than during smooth motions. Rehbinder [153] costaiore information.
The trunk positioh is estimated relative to the average position of the feet, de

1).e. its centre which is assumed to coincide with the truokistre of mass.
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11.2. A simple force based posture controller
notedG. Itis calculated as follows
1 L
B,GB B,.BG B, .BP,
roY = ="r ———lE_l rott

whereL is the number of legs (i.. = 4) and?rB":. Theheightis now defined as
BB and the estimated velocity of the trunk is calculated in tresway, i.e.

L L 9B, .BP
BUGB:_EZBUBPZ R e i
L
=1

L ot

Note that this is usually not the same as the “real” velodgity, the velocity
relative to the inertial framey. That velocity could be calculated as follows

N 9,.GB B9..GB
ar . NwB % rGB + 8['

ot ot

whereNw? is the angular velocity of the trunk and it is assumed thatpihiat G
does not move.

11.2.2. Posture controller

Two parts comprise the posture controller. The first parsisia of PID-controllers
that calculate the desired force and moment on the trunk. nSteat termmyg is
added to the desired force in order to compensate for gravte desired force is
calculated as follows:

0
%mﬁzm%+@%+m/%m+ 0

mg
wheree, andé, are the position and velocity error, i.e.

ep = BTGB,ref_BTGB

ép — BUG’B,ref _ BUG’B.

Note that the velocity reference is relative to the trunidsrdinate system, not the
inertial frame. Similarly, the feedforward termm,g, is also in the trunk’s coordinate
system. This will produce a small error when the trunk is mmtizontal, but it is
ignored. The desired moment on the trufikp®7¢/, is calculated similarly, based
on the error in trunk orientation and angular velocity.
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11. Compliance in the control

The second part of the controller calculates what forceddtye should apply,
BgBPref 1 —1...L. A simple distribution rule is used here that only distrésit
the vertical leg forces as follows

B, Bref Bmfmef )

B pBRuref _ 1 B Boref M _
3 AL B.BP 5P

This satisfies the force balance equations at least whermbiot is horizontal. It is
assumed that the leg controllers keep the feet directiybtie hips. The actual foot
positions can of course also be used, but “division-by-zerost then be handled if
a foot is directly below the trunk’s centre of mass.

11.2.3. Implementation on W ARP1

The implemenation of this posture controller uses the cbstructure described in
section 5.3 on page 133. However, the control law for catggoint torques;,
is different from (5.1):

= rfeg (BJZ)T,{ Bl . (BpBPyref _ B.BP 4
+BpL. (BUBPl,ref . BUBPZ) + (11.5)
_|_BfBPlref}

The term7f¢ has been added. It iskmocker i.e. a small amplitude square wave
(40 Hz) that reduces the effect of static friction. Only diagl ! and? D! were
used here. The reference trajectories are constant, weifle¢t placed directly below
the hips. However, the vertical position and velocity comgmts, %27 BpBFrel
etc., are not used since the corresponding stiffness angidgrooefficients are set

to zero.

k:L dL
BKl = kr, andBDl = dy,
0 0
Similarly, only the vertical component of the referenc&:mlefP”"ef, is nonzero.

11.2.4. Analysis of posture controller

The assumptions for this model are the same as in sectiorldnd the model uses
the same generalized coordinates and speeds. Derivingdtearsof the differential
equations and determining the equilibrium gives that it is:

q"=(0,0,h).
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11.2. A simple force based posture controller

Table 11.1: Control parameters in planar model of posture controller.

Function in posture controller Stiffness  Damping
Generation of vertical reference force kg dp
Generation of reference torque ke, dg,
Control of horizontal foot position kr, dr,

There is no lowering of the height of the trunk due to graviéggduse of the compen-
sation term in the posture controller. The linearized syséeound this equilibrium
looks like this:

. I
Loy, = —2 (Ey + h2> (kpqi + dpwr) + h(g2ka + dowz) — mghqy + glyqe
Ing = —dqw2 + 2hkrq1 + mgq, — kqQQ + 2druih
mwg = —kpgs— dpws

where the control parameters are explained in table 11.1.
Two eigenvalues are easy to find for this system:

dp + \Jd% — dmkp
A2 =

2m

but the remaining four eigenvalues are once more roots ofge leourth degree
polynomial. The necessary criterion that t& coefficient is positive is this time

Okpka — 2hkrmg — (mg)? > 0

which requires a positive horizontal stiffnes, i.e.
kr > 0.

Solving the inequality fog,, gives this result:

k >mgh+M
“ 2k,

Inserting the parameters actually used in the experiméatsaill be described
in the next section, show that the inequality is satisfiedr leth motions, k,, is
about five times larger than required, and for pitch motidnis iabout 30 times
larger (different parameter values are used in the two tlinex). Note that these
control parameters were not just tuned to be able to stanbui@lso to track steps
in the references. Furthermore, the parameters were nensxely tuned for the
experiments.
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11. Compliance in the control

11.3. Balance experiments

All of the experiments were performed with the same contesbmeters, only the
reference trajectories differ. Step changes are appligdeti@osture references in
the first three experiments. In the last experiment, theupestference is constant,
but the robot is standing on a balance board that is tilted.

11.3.1. Step response of the pitch and roll angle

In these two experiments we applied a change to the pitchahakference angles
(figure 11.3a and b). The pitch response is almost twice aaahe roll response.
This could be due to the forward offset of the robot’s cenfrenass. During the
step in pitch angle, there is a deviation {°) on the roll angle due to coupling. The
error is slowly corrected by the integration term. There &railar (but smaller)
deviation on the pitch angle during the step in the roll anglee height deviation is
small (<5 mm) in both experiments and simulation. There ahg small deviations
in the roll/pitch angles in simulation. It seems reasonabé the friction at least
partly causes the behaviour in the experiments. Anotheseceould be the fact that
the individual joints have quite different mechanical aweristics, e.g. friction.
Friction is probably also the reason why the response inlaition is faster (and
overshoots in 11.3b). The parameters where tuned for theriexents and not the
simulation.

11.3.2. Step response of the height

Figure 11.4a illustrates the response to a change in stgpthén the experiment,
the robot has not quite reached its desired height beforeefeeence step occurs.
Then, after the initial response, the height increases raptless linearly as the
integration term grows. We believe this behaviour is caumseftiction in the joints
combined with an integration term that is too small. Theltptaver consumed by
the actuators during the initial response rise from aboutVl® a peak of 90 W
and then drops down to 9 W. Less power is consumed afterwiaedapuse the knees
are less bent. The increased potential energy accountbdéart &alf of the used
energy, the other half is probably dissipated by frictiod agsistance in the motor
coils. There was no friction included in the simulation, athimight account for the
differences.

There are some disturbances in the roll and pitch anglesimtperiment, with
less deviations on the pitch angle. There are also smalhtiens in these angles on
the simulated motions<{ 0.1 °).
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11. Compliance in the control

11.3.3. Standing on a balance board

The robot is placed onZx 2 m balancing board (figure 11.2) that has a 0.13 m long
rod attached underneath. This allows the board to rotatendrthe rod’s ground
contact point. The board is held by hand during the experiraet manually rocked
back and forth along the board’s pitch and roll axes. Thedoaientation is esti-
mated using inverse leg kinematics and the estimated trtiaktation.

Figure 11.4b) shows the posture response from pitching allidg board mo-
tions of about+-8° with velocities up ta20°/s. It looks good (seétt p: / / wwv.
nd. kt h. se/ ~cas/ novi es/ bal ance) and the pitch error is smaller here as
well. That might partly be due to the slightly smaller distances.
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12. Summary and discussion

We begin by briefly summarizing the results in this part arehttiscussing them.
Finally results from the other parts are discussed.

12.1. Summary of stability analysis

In chapter 9 it was analytically shown that a planar symroedtatically balanced
stance on a compliant surface is actually only stable if

mgh
2kr?

This criterion was verified in experiments with a speciat t&g The question of
domain of attraction was also investigated through sinmarat where it was shown
that the compliance in the ground also decreases the dorhaitraction. However,
that effect is minor unless the compliance is large.

Chapter 10 then extended the planar case to 3D for radiathystric stances,
showing stability if:

a< 1. (12.1)

ar <1 (12.2)

for two, three- and four legd(= 2, 3 and 4). A more intuitive proof of the planar
case was also given, as well as an interpretatiany ofs the ratio between stiffness
due to gravity, and stiffness due to ground compliance. Byenanetric planar case
was also investigated and the surface of possible eqailives visualized in 3D
as a function of two dimensionless parameters dnd rv). After separating the
equilibrium surface into stable and unstable equilibtiayds discussed how a robot
moving slowly will be statically balanced, and its motionitherefore correspond
to a curve on the equilibrium surface.

In chapter 11 the ground was no longer considered to be ttse cdeompliance.
Instead, it originates with the robot controller and twotcolhers were discussed: a
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12.  Summary and discussion

Cartesian position control of the feet; and a posture ctiatrthat uses force control
in the vertical direction. Both controllers were analyzed & planar robot model
in symmetric stance on stiff ground. Here the eigenvaluesewet useful, but a
necessary condition for stability was found. This critarioust be satisfied for the
Cartesian position control to be stable:

L1+ 2k <21§:3;;—Z — 1)
~ < ,
oy s

wheref; and ;3 are the dimensionless horizontal and vertical controfrgtifses.
The corresponding criterion for the posture controller is

(mg)?
2%,

ko > mgh +

wherek,, is the angular stiffness of the trunk control, andis the horizontal stiff-
ness of the control of foot position. Both criteria were camgal with actual control
values that have been used witla®P1, and both criteria were satisfied.

12.2. Discussion of stability analysis

One way the results for a compliant surface could be usediigktode them in the
process of gait planning that is based on the static balariegien. The criterion
could be used to give an upper boundary on the allowed height|ower boundary
on the width of the stance. Using this for planning would iegjan estimate of the
compliance that can be difficult to obtain — especially fa@a where the robot has
not been before. Fortunately the support width dominates the stiffness, e.g. a
20% decrease in stiffness is compensated by a 11% increasieltin For robots
with a low centre of mass, this will probably not be a problérbiped on the other
hand, usually has a high centre of mass and a narrower stespegially a biped
standing on one foot.

A more important use for this criterion is that it indicatebem static balance
is not enough and an active balance is needed. Note howeatethil shifts the
problem to the balance controller, which in the case of thetyre controller have to
satisfy a similar criterion.

The results for the controllers mean that low control stiffs can cause prob-
lems, but unfortunately it is not possible to arbitrarilgiiease the control stiffness.
For the posture controller, using too large parameters riadestable and for the
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12.2. Discussion of stability analysis

position control chattering occurred. Furthermore, it d always desired to po-
sition control the feet very stiffly since this could causpge and a buildup of
internal forces when walking on rough terrain.

12.2.1. Implications for ZMP

The ZMP criterion (see section 2.5.2) is often used as a modasion of the static
balance criterion. Itis used to plan a reference trajecwdrgre the ZMP remains in
the interior of the support area. However, the static baamiterion for a compli-

ant surface (12.2) implies that a robot whose referencedi@jy satisfies the ZMP
criterion can also fall. The proof is in fact identical, stha planned motion for the
robot to stand still corresponds to static balance. Evemlsimany normal rigid

object placed on a sufficiently compliant surface can tiprove

12.2.2. ldeas for the future

This part has barely scratched the surface of possibletsestitould be fruitful to
create a kind of library with this kind of criteria for varisdstandard” cases such
as soft terrain and different controllers. Especially iérhis some way in which
the criteria can be combined when there are several soufogsnpliance. In fact,
studying what happens in this case is one of the more impattargs that should
be investigated. For further research in this directiois jitrobably useful to look at
the results on the properties of spatial stiffness mat{i28k and at the concept of
compliant grasps and pasive force closure [167]. Relatdtetalea that it is enough
to study the stiffness to determine stability, a paper byitsotiek’s [94] is a good
start.

Another thing that should be investigated is how the typerofigd affects the
results. What happens on real terrain that is not lineadgt&l? The local stability
analysis holds of course, but it is not obvious that the retibtfall over (although
it's unclear what the alternative could be, a limit cycle ifmstance is unlikely with-
out energy being added to the system). As for the analysi®wiptance in the
controllers, it needs to be extended to asymmetric configunsand general foot
placements.

Other questions that should be investigated include:

e How does removing the assumption of massless legs affectsidis?
e How robust are the results to modeling errors?

Finally, it would be very interesting to see how complianffecs the stability of
motions that have been planned using a ZMP criterion. Whepldnned motion no
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12.  Summary and discussion

longer is static, does this require a stiffer ground thah gtending still? One way
to answer this question is to run simulations of a planaresygstuch as in figure 9.2,
but leth and~ be functions of time (this corresponds to the trunk movirigtiee to
the feet).

12.3. Summary and discussion of part I-1l|

Part | gave an introduction to the field of walking robots, vehaformation was
collected from various sources and descriptions of cden®ifor walking robots
were presented in a more coherent framework. Thus makingsieeto compare
and understand how the controllers work. The main resuih filois part is in my
opinion the choice of questions/aspects for how to analymktey to understand
the controllers: Generation of trunk motion; Maintainirgdnce, Generation of leg
sequence and support patterns; and Reflexes. A big problenthanarticles very
rarely contained complete information. Using several paps a source for one
controller gives a more complete picture, but also intredudiscrepancies since
details in the controller and/or the robot have changed.

In part 1, an attempt has been made to provide a compreleasid detailed
description of our four-legged robot in terms of mechanasgctronics and basic
control structure. However, it probably does still not @ntenough information
for someone else to easily reproduce simulations and expatal results. The
complexity of the system is one of the reasons for this. Askamgle, the dynamic
model is simply too large to fit in an article, the C-file usedetaort it contains
almost 10000 lines.

Because of the complexity, it is also impossible to derivertiodel by hand so
instead a description is given of how it is derived using a jgotar algebra system
(cas). Since it is basically a program that derives the madehs possible to make
the program more general. In this case, it is easy to makertmgrgm derive a
model for certain classes of robots.

The complexity is also a reason why we need to use advanckdftoavorking
with this system. These are the main tools and methods thatbeen used:

e A computer algebra system (Maple) with the Sophia languagketive kine-
matic and dynamic models of mechanical systems.

e A graphical environment to design, model and simulate dyoainsystems
(MATLAB/Simulink).

e Arapid prototyping tool that automatically implements aghically designed
controller by converting it into C code (Real-Time Workshop
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12.3. Summary and discussion of part I-1ll

However, the tools need to interface with each other, argdribt practical to manu-
ally enter a model as large as theRP1 rigid body model. Fortunately, we found a
tool (exmex() ) that could do this. Complexity also caused problems witfir-
LAB and Simulink because so many signals and parameters ardiusad not prac-
tical to manually manage the order with which these are u®®edxtra functionality
was added to do this for us. As an added benefit, it is now alsthreasier specify,
transfer and use symbolical expressions derived in Maplle MiaTLAB Simulink.
In fact, creating relatively simple expressions is ofteficker to derive symboli-
cally and then transfer, than enter by hand. Additionalty, lmaving to enter large
expressions by hand reduce the risk of entering them inctbyre

On the other hand, there is actually a drawback with usiniyeléexpressions.
If there is an error in the original expression, there willsnhlikely be an error in
the derived expression. What you loose is the independguieimentation of the
same function, that allow you to compare the results. It$e #he comparison of
independent results that makes it so important to be ablengare results from
simple analytic models, with complicated numerical sirtialess and with experi-
mental results.

This combination was also very useful in the last part, thdheoretical rather
than about control design. For instance, the computer edgeystem allows you
to work with large and complicated differential equationshe numerical tool is
necessary to interpret and visualize the results when ydwpnwith a complicated
result.
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Publications and division of work

Below is a lists publications where | am the primary authoa@o-author. | have
been deeply involved in the writing process of all the pamxept [10], where
my contribution is minor. | am the only author and contribbuto [156—158]. The
main contribution to [159] is mine, but | wrote it with InguasVe also wrote [155]
and [84] about WRPL, that is the result of several persons combined effort. My
contribution to [154] and [5] is writing and experiments.
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