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Abstract:
Modelling and Control of a Hexapod Robot

Robots with wheels or tracks are currently used

for

exploring dangerous areas in search and rescue mis-

sions. To improve the abillity to traverse terrain
is proposed to use a walking robot.

5 it

A random generated terrain is set up to represent a

search and rescue terrain, and a hexapod wa

king

robot is applied. A kinematic model is set up of the
hexapod robot, and it is determined how the rgbot

can be moved while sustaining static stabillity.
A gait generator for tripedal walk is developed

ing arti cial potential functions, and a trigonomet-

US-

ric inverse kinematics solver is used for translating

the gait into servo angles.

Collisions with the surface are detected using a 3D
model, and a system is set up to avoid unwanted ter-
rain contacts. The robot is controlled in open lgop

to evaluate the models.

While traversing the terrain singularities can appear
when solving inverse kinematics. It was attempted

to modify the gait to avoid the singularities, this
however not achieved satisfactory.

as







(8

AALBORG UNIVERSITY

Titel:
Modellering og kontrol af en hexapod robot

Tema:
Modellering og kontrol

Projekt periode:
Foraret 2009

Projekt gruppe:
09gr832

Gruppe medlemmer:
Mads Jensen
Rasmus Pedersen
Jeppe Juel Petersen
Casper Lyngesen Mogensen
Henrik Dalsager Christensen

Vejleder:
Ph.D. scholar Mads Sglver Svendsen

Oplag: 7
Sider: 75 (113 inklusiv appendiks)

Feerdiggjort: d. 2 Juni, 2009

Intelligente Autonome Systemer
8. semester
Fredrik Bajers Vej 7
TIf: 96 35 86 90
http://es.aau.dk

Synopsis:

Karende robotter pa hjul eller larvefgdder bruges
allerede i dag til at udforske farlige omrader i efter-

sggning og rednings opgaver. For at forbedre ropot-
ters evne til at komme frem i uvejsomt terraen fores-
l&es det at bruge robotter der gar pa ben.
For at repreesentere et uvejsomt terraen er et til-
feeldigt terraen fremstillet. En seksbenet robot er
brugt som eksempel p& en gaende robot.
Der er opstillet en kinematisk model af robotten,|og

det er undersggt hvordan man kan bevaege robptten
imens man opretholder statisk stabillitet.
En algoritme baseret pa kunstige potentialer bruges
til at beregne robottens gang. En trigonometrisk |@s-
ning af den inverse kinematik bruges til at omsaette
beveegelserne til vinklerne for den enkelte serva.
For at sikre at terreenet kun har kontakt

modeller er veri ceret.
Ved gang i det tilfeeldigt genererede terreen, opstar
der gangarter som ikke kan gennemfgres kinema-
tisk. | de situationer er det forsggt at eendre gan-
garten s videre gang er muligt, det lykkes dog ikke
altid tilfredsstillende.







Preface

This report concerns the modelling and control of a hexapdbt: The project is composed in the period
from the 15! of February to the2" of June. The work was carried out at Aalborg University by &8
semester students in the Section of Automation and ContrilleaDepartment of Electronic Systems. The
project proposal is given by Ph.D scholar Mads Sglver Swvamffom the Mobile Robotics Group at Aalborg
University.

The report is written as a research paper that can providenvation to further development on the subject of
modelling and controlling hexapod robots.

The source code for both the report and the developed s@&fteam be found on the enclosed CD see Ap-
pendix H, as well as other materials used in the making of thgpt.

Throughout the project, MATLAB has been used for data prsiogsand presenting results. Simulink and Real
Time Target has been used for implementing, modelling amdlsiting the developed models.

In Chapter 7 a complete list of the acronyms used in the regerpresented.
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Chapter

Introduction

Throughout history, disasters, both the naturally ocauéand the ones in icted by humans, have troubled the
population of the Earth. When a disaster strikes, urban nsgaoe often struck the hardest, since the density of
people is higher in urban than in rural regions. Buildindgigssrapers and other structures could be turned into
rubble and debris with people trapped inside. Hence patigntnaking the urban Search and Rescue (SAR)
operations far more dangerous than rural SAR missions.

Estimations indicate that the urbanization of the world @dintinue, meaning more and more people will move
into con ned areas. Hence the need for urban SAR, due to batitral and human in icted disasters, will still
be there. Estimations show that somewhere in 2008-2009dteeptage of urban dwellers will pass the 50%
mark, and increase rapidly in the years to come [1].

Robots pose an attractive solution to the problem of ndiriggimg persons in disaster areas while keeping the
rescue personel safe. However the task of using robots f& &#erations, requires a precise model of, and an
advanced control mechanisms, for the robot, especialheiftbots should reach some degree of autonomity.

1.1 Preliminary Problem

A premapping of the environment improves the robots po###isi of traversing the area, in a potential search
and rescue mission. It allows the control system of the rob@erform some sort of route planning through
debris and rubble, but it is also the rst step in making thieatomore autonomous. The proposed scenario of
the project is shown on Figure 1.1, with an autonomous ramihfy a mapped/known environment.

To allow the robot to traverse the area, further knowledgthefrobot, environment and general issues con-
cerning both SAR and general robotics is analysed.



1.1 Preliminary Problem

Figure 1.1: Robot and mapped landscape
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Preliminary Knowledge

In the following chapter an analysis of the elements useHérptoject will be carried out. General knowledge
of SAR should be obtained in order to get knowledge of therenwment the robot works in. General knowledge
about locomotion used for movement of the robot should a¢soliained.

The robot used throughout the project, will be presentedowing the robot presentation, the knowledge of
locomotion is used to determine a suitable gait, to use wiaaersing the area.

The knowledge obtained in this chapter, is used to determset of objectives which is to be reached during
this project.

2.1 Search and Rescue

Shortly after a disaster the primary objective is to nd suovs hidden or trapped in the debris, however the
task of searching trough the debris is both tedious and dange The idea of letting robots perform the task
has been suggested several times, and in recent time radgsbeen used. During the World Trade Center
collapse in 2001 several robots took part in the search ofivaus, and the usage of backpack sized robots
proved to have a unique capability to scavenge the debristgag for people [2][3].

One of the robots advantages, in scavenging debris, isliegt tue to their size, can dive into the debris,
searching inside a pile of rubble, where humans have no ehaingoing. Robots can work for several hours
without getting tired, whereas the longevity of humansisited. When traversing unknown terrain, robots
need an advanced system guiding them through the debresyatie it might get stuck or damaged. Hence the
primitive robots used, must very often have minimum one dtehanore persons working alongside it, placing
humans in the danger zone [2].

Recent studies, trying to reduce the human to robot ratmo,taiimprove the autonomy of the robot, while
integrating robots in a larger network with an overall obijge The solutions often result in a human being the
limiting factor in the search, as the human determines whhetdone and where [2][3].
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2.1.1 Human-Robot Collaborative Search

Where the optimal solution might be to have a large number wfremmous robots searching an area, system-
atically or at random, for people hidden in debris, a moreliksystem would be a joint operation between
humans and robots, making the search and rescue operabionassisted.

Suppose the search area consisted of an even surface 00dag.2P meters, this area could be mapped into a
computer, and thereby given to the individual robots. Pige robot in a xed position somewhere in the map
as a start position, would be the beginning of a search dpara®ne possibility could be to provide the robot
with some limitations indicating where it can go, hence t@ising its movement to be inside the search area,
as shown on Figure 2.1(Left).

Now suppose that two points of interest are placed in thechesrea, as illustrated on Figure 2.1(Center) and
the goal for the robot is to nd the two points. The robot coblelleft inside the area and allowed to search at
random, and over time nding the points. However the operatald have some knowledge of where it might

be wiser to begin the search and perhaps a subarea in thé seagcis inaccessible for the robot. This could

result in a map of the search area as shown in Figure 2.1(Right

(0,0) (0,0) (0,0)

Figure 2.1: (Left) A robot placed in a search area (Center) Simple rowtanghg (Right) Complex route planning

The degree of autonomy implemented on the robot could ircludavigational system, using the map of the
area and the constraints given by the operator to choosashest route to the point of interest.

When changing the scenario from a two dimensional terraintttbee dimensional, the navigation becomes
more dif cult. In the two dimensional example, the constitsigiven by the operator was somewhat simple,
but as the third dimension is added, the constraints shdsitdte brought into a three dimensional map. A
terrain in three dimensions is more realistic as an enviemtrimvolved in a SAR operation. Here the variations
in terrain caused by debris and rubble, can change in etevhii each step the robot and/or the person travels
into the terrain. Furthermore the stability of the debrisasily compromised. When a robot traverses through
debris, each step is a potential terrain change waiting ppéma.

In order to plan a path through uneven terrain, knowledga@fobot must be de ned, since the possible paths
depends on both the size of the robot and the type of locomased by the robot. The locomotion is important
and the right type of locomotion should always be chosen wdgthsideration of the environment surrounding
the robot.
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2.1.2 Robot Locomotion

In order to traverse a given terrain the robot needs to beppgdiwith a system which provides locomotion.
This could be done in many different ways, which can rougleyabapted into three different types [4].

* Rotational devices, such as wheels and tracks
¢ Legs, similar to those observed on animals

« Articulated bodies, similar to the body of a snake

The different types of locomotion are used in different gldvheels and tracks are preferred where the terrain
is even, however when the terrain becomes more uneven taatades of wheeled locomotion becomes some-
what obsolete [4]. Instead the advantages of legs makesngatkore useful in an uneven terrain. The legged
robots advantage is the ability to position the legs witthtpgecision. The number of joints on the leg, gives
the robot more Degrees of Freedom (DoF), which can give thetra better or more precise placing of a foot.

However some terrains can be too uneven, even for a legged, sibce the ground clearance below the robot
is of a certain size, which is limited by the length of the lefyzssuch a case, a robot with an articulated body
could be preferable. The articulated body makes the roldettalmove much like a snake, the composition of
the servos allows it to raise the Center of Mass (CoM) and avpits chances of traversing objects blocking
its way [4].

The environment in a disaster zone is, much like a substardia of the Earth, inaccessible to wheeled or
tracked robots. Locomotion using legs or an articulated/b®th most cases preferred, however the articulated
body often proves dif cult to analyze and control, compatedegged locomotion which has been analyzed
and constructed since some of the rst machines were buiiertttan 2000 years ago [5].

2.2 Robot Description

This section describes the robot available for this projetiich is produced by Lynxmotion[6] and is of the
type "AH3-R Walking Robot”. It is a symmetric hexapod walkeith a cylinder shaped base chassis, and with
6 identical legs evenly distributed along the circumfereras is illustrated on Figure 2.2

The individual parts, the robot consists of, are named mesntrdinks. Typically links on a robotic system are
connected through joints.[7].

Each leg consists of 3 joints and 3 links. The joints can beipudated by one servo per joint, providing 3
DoF for each leg, and a total of 18 DoF for the robot. One of #ras connects the entire leg to the base
chassis through a vertical axis, allowing the leg to rotatevgays in relation to the body. The two other servos
manipulates the two other joints of the leg, with rotatiomatbhorizontal axes, one located close to the body
and the other furter away.

On Figure 2.3 the name convention for the joints, and thetimeaf the rotational axes are indicated. all
possible movements are caused directly by the servos. Thesiare adopted from insects, as their legs have
a similar structure. The innermost joint is dubbed coxatj@s it is the joint which attaches the coxa link. The
middle joint is dubbed femur, and the outermost joint is natitaia.
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Figure 2.2: lllustration of the robot, showing the basic geometry of tbkeat, the body is circular (red in gure), with legs attachetd
equal spacing

Figure 2.3: lllustration of the robotic leg, with rotational axes adddte green axis (left) is named coxa joint, the Red axis (ckige
named femur joint, and the blue axis (right) is named tibia joint
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2.2.1 The servos on the robot

The servo type (HS-645MG) used on the robot has an on-boarttotler which translates a Pulse Width
Modulated (PWM) signal to a position, and each servo can batepdo new positions with 50Hz. The general
parameters of the servos can be seen in Table 2.1. With aofol# servos the current draw accumulates to
8.1 A if moving all servos at minimum load, and up to 36 A if adigos are stalled [8].

Servo parameters:

Operating voltage: 48-6 V]
Torque provided: 9.6 | [Kg cm]
Current consumption (idle): 9.1 [MA]
Current consumption (no load): 450 [mA]
Current consumption (stall): 2 [A]

Table 2.1: Table showing the general servo parameters.

The electronics of the robot is also delivered by Lynxmotowl consists of the SSC-32 servo controller which
provides a low level servo interface[6]. SSC-32 provide$*32M output connections, which is intended for
attaching servos or similar output devices. The interfacdlfe SSC-32 is a RS232 connection which can be
set at baud rates up to 115.2kbit/s [6].

2.3 Preliminary Analysis of Six-Legged Gaits

The purpose of this section is to analyze what kind of gaitifthbe used to enable the hexapod robot to walk.

A gait is a description of how the robot moves its legs, wheelghat ever means of locomotion the robot uses.
An important aspect of how the gait is constructed is if the gfethe robot is static stable and/or dynamically
stable. Static stability implies that the CoM must lie withi?olygon of Stability (PoS) at all times [9, p.285-
286].

When talking about dynamic stability it is necessary to idtrce the Zero Moment Point (ZMP). ZMP can be
de ned as:"That point on the ground at which the net moment of the iakftirces and the gravity forces has
no component along the horizontal axg$®), p. 8]. To ensure dynamic stability the ZMP must lie witlthe
PoS at all times and not lie on the edges of the PoS[11, p. 91].

2.3.1 Six-legged gaits

When planning a gait and a trajectory for a six-legged robplaee to start is by looking at insects. The insects
normal way of walking is by using a tripedal walk, where itgdeare moved three and three. When an insect
moves its legs, the front and rear leg on one side is moveckaame time as the middle leg on the other side
(Ilustrated on Figure 2.4).

The tripedal walk has the advantage that three legs areitayttie ground at all time which gives a triangular
PoS. The advantage of having a triangular PoS is that it isiplesto obtain gait that is stable at all times. With
only two point feet on the ground, the PoS is reduced to avVilméch makes it very dif cult to achieve stability.

Another option for six-legged locomotion is the wave gaitandone leg is moved at a time. When using this
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Figure 2.4: lllustration of an insect gait. The legs colored red are kg the ground and the legs colored with green are liftede Th
dashed triangles are the PoS

gait, a six-legged robot will have ve end points on the grdull the time, which implies that the PoS wiill
be de ned by the ve end points, usually causing the PoS acemdrease, reducing the risk of instability.
Even though the wave gait implies easier insurance of #ighfie disadvantage is that it will be a slower walk
when compared to the tripedal walk, as only one leg is movéideatime. It is also possible to construct other
arbitrary gaits. Examples could be an ad hoc gait where geedee placed according to the shape of the terrain
or if the robot is required to climb over obstacles.
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Objectives and Delimitations

The project proposal presents the problem of making a hekegtmt able to traverse an unstructured terrain.
The motivation of the project comes from the fact that SARotshoften need to traverse ruble and other
unstructered terrain.

While modern SAR robots use wheels or tracks for locomotibis, &argued in Section 2.1 that legs are better
suited for this type of terrain traversal. On the basis of phgject proposal it is decided to focus on the
locomotion of the robot through some known terrain on thesbhafsdirectional commands from a human.

From this consideration the main project objective was tbtmbe:

Design a system for the Lynxmotion hexapod robot which esdbto traverse an arti -
cially created, unstructured terrain on the basis of direnall commands from a human.

The problem gives rise to a range of solutions. to specifyptioblem and narrow the focus of the project the
following sub-objectives are proposed.

The robot must be able to traverse the entire length of thetéesin only by the help
of directional commands from a human.

Only the end points of the robot legs can be used to suppoéight of the robot, no
other part of the robot is allowed to collide with the terrain

3.0.2 Delimitation

The task of designing a control system that enables a SAR toltpaverse an uneven terrain consisting of
debris and rubble, is in this project delimited to desigrancpntrol system that enables the robot to traverse a
known arti cially created terrain.

The terrain is created from 7.7 by 7.7 cm wooden beams inrdiftedengths, mounted on four 75 by 75 cm
plywood boards which can be arranged in different pattefhe. arti cial terrain can be mapped digitally and
by selecting the lengths of the wooden beems at random, itaértevill still be unstructured, simulating debris
and rubble. The task of controlling the robot in an environtwehich can change under the weight of the robot,
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or is wet or slippery, is not considered. However the contmosbf the map should be suf ciently complex to
set some constraints to the robots movement.

Another problem not taken into account during the projechdw far the robot can see in the terrain. To give
the robot more autonomoty cameras could be mounted on tlo¢. ldbwever that solution is computationally
intensive, and the process of creating the map “on-the-sy¢ansidered a project in it self. The project proposal
suggest that a complete mapping of the environment is choti¢ before the robot is introduced. This makes
two different solutions possible, one is to give the robdit knowledge of the map, since the data is present.
Another solution could be to give the robot limited knowledgf the map, allowing it to see, e.g. 1 meter in
each direction.

Itis chosen to give the robot complete knowledge of the mdpeerain for the purpose of this project.

To further narrow the range of solutions, the following detations are presented. These points are essentially
speci cations of the important aspects of the project anlihdts the project from what is considered less
relevant to the main objective.

The terrain will be mapped digitally and stored for use in gentroller. No online
mapping of the terrain will be conducted.

The sensors used for the system will be the Motion Trackithg(MA L) cameras.

The system developed in the project is specially desigmatidd_ynxmotion Hexapod
robot, described in Section 2.2.

The robot will move only on the basis of human input, not aoraously.

No control routines will run on the robot hardware itselfetisontrol software will run
on a separate PC.

The robot will not carry any payload.

3.1 System Functionality Outline

To complete the objectives stated above, while considehiegroject delimitations, some preliminary system
functionalities can be outlined. The system needs to hawvstzie kinematic awareness of the robot, to be able
to position the robot body and legs. A gait that can handleeméerrain and functionality enabling the robot
to avoid collisions with the terrain needs to be developed.

It can be argued that the gait should be, by itself, able tarenthat the robot does not collide with the terrain,
leaving any collision detection algorithm obsolete. Inr$itlee system should be able to supply the following
functionality.

« Kinematic model including Inverse Kinematics (IK) for dool of the robot in a global coordinate system.

« Gait generating algorithm based on directional inputsrffeohuman.

 Collision detection and/or avoidance functionality.

How the system features are designed and implemented,dsloksin the following parts of this report. First
the kinematic modelling of the robot and terrain is desdijhbthen the actual system design regarding gait
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generation and collision detection and avoidance is desdralong with other sub-features that was found
necessary due to the design of the main features.
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3.1 System Functionality Outline
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Modelling

4.1 Introduction to Modelling

To be able to control the robot, models of both the robot ardetfivironment it is present in, needs to be
developed.

First coordinate frames are de ned for all important paft§e system. The de ned coordinate systems will be
used throughout the report. To be able to coordinate the memeof the robot in relation to the environment,
a kinematic model is created. The kinematic model consfdietin the kinematic description of the robot and
its manipulators and an IK solution for the manipulators #relrobot body itself. This makes it possible to
calculate the joint angles for the robot legs, for a givended robot con guration.

To be able to determine the stability of the robot, the dyrmgondperties of the robot must be considered. The
stability of the robot is determined by the position of theMCand the ZMP relative to the PoS. It is assumed
that the robot will move so slowly that the vertical projectiof the CoM on the ground and the ZMP will be
roughly the same. Therefore only the CoM will be used to deiee the stability of the robot. By using an
assumed maximum movement of the ZMP, a minimum distancen fr@ CoM to the edge of the PoS, can be
calculated hence ensuring stability at all times. The assumaximum movement of the ZMP is calculated on
the basis of an assumed worst case acceleration of the esbexplained in Appendix A.

4.2 Terrain Model

The environment, which a robot would encounter in a SAR &itnais hard to replicate. Rubble will often be
present, and the ground can be unstable. For simplicitydh@sen to consider only a stable terrain with no
loose rubble or slippery surfaces.

Itis desirable to use aterrain and a corresponding map vidiiglton gurable as it allows for having one terrain
for development, and another terrain for testing. The tetila due to the size of the laboratories, designed to
be installed on a square board measuring 1.5 meters on loleth Sihe unstructured terrain is simulated using
blocks cut from 7.7 by 7.7 cm logs of wood. The wooden blocksaart in 4 different heights: 5, 10, 15, and
20 cm. As a result the map consists of 5 discrete elevatiorngnmg from 0 to 20 cm.
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The distribution of the blocks can be used to build a disaratdel of many terrain variations. As an example a
stair can be built by distributing them proportionally toais, and a wall could be created by aligning the tall
blocks in a row. For this project it is chosen to create a unifdistribution of the blocks, as this will model
different scenarios in a very con ned area.

The uniform distribution is approximated by dividing theearinto 7.7 by 7.7 cm squares, and then iterating
through each line of the map, assigning a band limited diseendom value to each element. This produces
a map as illustrated in Figure 4.1, and as the gure illussathe terrain is quite versatile in the challenges it
presents for the robot. Around the unstructured area ofithelated terrain, an area of at ground is mapped.

This maps the atlab oor around the terrain and allows fosttag on at ground.

Figure 4.1: lllustration of the terrain created by a Matlab script assig a bounded discrete random height to each element inrtizérte

4.3 Selection of Coordinate Frames

Before any modeling of the robot can begin the coordinatiesys for all parts of the robot and terrain needs to
be identi ed and properly de ned. All coordinate system&dswill be cartesian and from now on be referred
to as frames.

4.3.1 Global Frame

The global frame is the frame that all other frames will be e relative to. The global frame is rigidly
attached to the lower left corner of the terrain model so taig is vertical and the xy-plane is aligned with
the oor surface. The x-axis and y-axis are parallel to thdlsvaf the MTL. The x- and y-axes of the global



Modelling 15

frame is illustrated together with the arti cial terrain ohal in Figure 4.1. The z-axis of the global frame points
upwards.

4.3.2 Robot Body Frame

The origin of the robot coordinate frame will be attachedh® ¢enter of the bottom plane of the central robot
structure with the z-axis pointing up, the x-axis pointieff and the y-axis pointing forward. This is illustrated
in Figure 4.2.

In this project the roll, pitch and yaw angles,( and ) of the robot body frame relative to the global frame
are de ned as:

Roll: Rotation about the y-axis
Pitch: Rotation about the x-axi

Yaw: Rotation about the z-axis

Figure 4.2: Location of the robot body frame relative to the robot hardwar

4.3.3 Leg Frames and Notations

The coordinate frames for the robot legs are assigned asnsimoitigure 4.3. The assignment of link frames
follows the Denavit Hartenberg notation [12, p. 200]. Thbableg is made of links and joints as noted on
Figure 4.3. As stated in Section 2.2 the different links &f tbbot legs are called coxa, femur and tibia.

The robot leg frames starts with link 0 which is the point oa thbot where the leg is attached (Attachment
link), link 1 is the coxa, link 2 is the femur and link 3 is theia. Link 4 is the end point of the leg and coincides
with link 3. The joints are located at the inner end of thegpective links while the link frames are attached to
the outer end of their respective links. This means that pirotates about the z-axis of frame 1. The y-axes
of the link frames are not shown on Figure 4.3 as they are tetast here.
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120

Coxa Joint (1)

yO0

Attachment link(0)}-

Tibia link (3)

x0

X3 End effector link (4)

(@) (b)

Figure 4.3: lllustration of leg frame and link frames. Figure (a) shows ar@bdering of one of the robot legs with its rotational axes.
Figure (b) shows the robot leg in a isometric view with all linkmes and rotational axes. The y-axes of the link frames arshwwn as
these are irrelevant for the given illustration.

4.4 Kinematic Model of Hexapod Robot

When all the coordinate frames are de ned, it is possible tecdbe the kinematic model of the legs of the
hexapod robot. All units are milimeters for distance measwnts and degrees for angle measurements if
nothing else is explicitly stated.

4.4.1 Robot Leg Parameters

The robot legs can be described by the following set of pararmm&hich complies with the Denavit Hartenberg
notation [12, p. 200].

As described in Section 4.3 the legs are placed in a locaréagd with a vertical z-axis through the rotational
joint, which connects the leg to the body. The x-axis of tligftame is de ned to be perpendicular to the robot
body, pointing away from the center of the robot. In the lemfe, link frames are assigned to each link in the
leg, as described in Figure 4.3.

The Denavit Hartengberg parameters are denoted;, ; andd;.

e isthe angle between tt® ;-axis and the;-axis about the; -axis.

a; is the kinematic length of link, e.g. the distance between the ;-axis and thez;-axis along the
Xj -axis.

L]

di is the link offset, e.g. the distance from the ;-axis to thex;-axis alongz; ;-axis.

e ;i is the joint angle or the joint variable. For the rotationaihjs in the robot legs, this is the angle
between the; ;-axis and the;-axis about the; ;-axis.
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The Denavit Hartenberg parameters for the rst and last Bin& not de ned as the rest of link frames are
assigned in such a way that the twist and distance from tlilsg tio their respective nearest links are zero.
Meaning o= ag=0and 4= a;=0.

link/parameter i a; d; i
1 (Coxa) 90 38.5[mm] | 45[mm] |
2 (Femur) 180 56.5[mm]| O[mm]| -
3 (Tibia) 0 | 143.5[mm]| O[mm] | 3

Table 4.1: Denavit Hartenberg parameters for one robot leg.

The rotational axis of joint 1 is rotated 90 degrees relatMbe rotational axis of joint 2, which again is rotated
180 degrees relative to the rotational axis of joint 3. Th8 @i8gree difference, between joint 2 and 3 is
because of the way the servos are mounted, rotated 180 dagtative to each other. The value can also be
set to zero and the rotational direction reversed at a loaféware level, though that solution is not chosen.

4.4.2 Forward Kinematic Equations for Robot Leg

This section describes the forward kinematic equatioss, edlled the direct kinematic equations, for one robot
leg. The coordinate frames are as described in Section 4.&hareg parameters are as described in Section
4.4.1.

The forward kinematic equations are a set of equations ceing@ transformation matrix, transforming co-
ordinates in one link frame to coordinates in another lirdafe. If multiplied the transformation matrices for
each link pair, gives the complete forward kinematic transfation matrix, transforming the coordinates in
frame N to coordinates in frame 0. The general form for thedfarmation matrix from link to linki  1is
given in Equation 4.1 [12, p. 208].

2
COS | sin jcos ; sin ;sin ; @ Ccos ;
T} 1_ ésin i cos 'i COS cos isin | @asin ; 4.1)
0 sin cos | di
0 0 0 1

The transformation matrix is a series of transformations:

1. Translatal; alongz; ;-axis
2. Rotate ; aboutz; -axis
3. Translatey; alongx; i-axis
4. Rotate ; aboutx; 1-axis

The speci c leg transformation matrices, transforming toerdinates from one link frame to the previous, is
shown in Equations 4.2-4.5.
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T3=TITITS (4.2)
2 . L 2 3
COS sin jcos0 sinjsin0  1435cos i COS sin ; 0 1435cos
gsm i cos jcosO cos ;sin0 1435sin Esm i cosI 0 1435sin é (4.3)
sin0 cos0 0 1 0 '
0 0 1 0 0 1
2 . L 3 2 3
COS sin jcos180 sinjsin180 565cos | COS sin 0 b565cos
T1- §sin i cos jcos180 cos ; sin 180 565 sin Esm i cos; O 565sin é
2 0 sin 180 cos 180 1 0
0 0 0 0 1
(4.4)
2 , L 3 2 .
COS j sin jcos90 sinjsin90  385cos | cosi 0 sin 38.5c0s |
T0 = Esin i co0s jcos90 cos ;sin90 385sin ;7 _ gsin ] cos i 385sin iz (4.5)
! 0 sin 90 cos 90 45 0 1 0 45 '
0 0 0 1 0 0 0 1

Position of Link Center of Mass

To be able to derive the dynamic model, the transformatiotrioes to the CoM of the individual links are
presented here.

The CoM of each link is positioned relative to the link franyeaposition vectopcoy = [Xcom  Yoom,  Zcom '
The general homogenous representation of the CoM posﬁhﬂa,M =[Xcom VYcomi Zcow 1]'. The ap-
pended 1 is the scale factor and is needed for the positiorseptation to be compatible with the previously
found homogeneous transformation matrices.

To nd the position of the CoM, of the individual links, relaé to the leg frame, the CoM coordinateg:(y,, )
are multiplied with the Denavit Hartenberg transformatiorEquation 4.2. This gives the CoM positions as
shown in Equation 4.6.

poCoMi = TiopiCoM‘ (46)

4.4.3 Position of Robot Legs on Robot Body and Resulting Kinentig Transforma-
tions

After de ning the leg frames and constructing the indivitllesy transformation matrices, the legs position on
the body is de ned. The leg frames are already moved upwdagdhe z-axis so the poizt= 0 in the leg
frame equalg = 0 in the robot body frame. This means that the leg frames ondyla¢o be transformed in
the xy-plane to be positioned correctly in the robot bodyrfea The leg frames are positioned on the robot
body as illustrated in Figure 4.4. As seen on Figure 4.4 thdriane needs a rotation about their z-axis and a
translation along their x-axis to be positioned correatlyhie robot body frame.

The general leg to body transformati@rf is written in Equation 4.7. When referring to a speci ¢ legeth
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Figure 4.4: This gure illustrates the position of the leg frames relatto the robot body frame. The notations (rm), (rf) (Im) and so on
are shorthand names for the leg positions, eg. rm is right miaaddl If is left front, also the numeration of the legs are shiowthe gure.

transformations are denotéq? for the transformation from the front left (If) leg frame toet body (B) and
TFm for the transformation from the right middle (rm) frame te thody frame and so on. Tlie, rm orrr
notations all refer to the base leg frame of the leg in questiseaning frame 0 as found in section 4.3.3. In
addition to the letter indices of the legs the legs are nueth&r6 in the positive direction starting from the left
front leg.

The legs are located on the circumference of a circle wittdausaof 137 mm with an angle between them of
60 degrees. This angle can be seen as a local yaw angle fordiki@ual leg ( k).

3
CoS sin g 137 cos i

0

sin k cos g 0 137sin
1
0

TC = 4.7)

0 0 0
0 0 1

Where:
k is the yaw angle of the k'th leg, relative to the body frame.

The transformation matrices from the leg end point framethéorobot body frame can now be written as in
Equations 4.8- 4.13. The 3 in the indices indicate that thesfiormation transforms coordinated frame 3, in
leg frame, to the body frame.

Tha=Toe T3 (4.8)
TE,=TE 719 (4.9)
Ths=Tn T3 (4.10)
TB,=TE 719 (4.11)
TB,=T8 19 (4.12)
TR,=TP T3 (4.13)
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4.4.4 Transformation from Robot Body Frame to Global Frame

As de ned in Section 4.3.2 the roll, pitch and yaw angles ( and ) rotates the body around the y-axis, the
x-axis and the z-axis correspondingly. The rotation of thdybframe consists of three rotations, one about
each axis. In this case the rotations occur in the yxz (rnbdlhpyaw) order.

The transformation from the robot body frame to the globatfe is de ned as in Equation 4.14. The transfor-
mation is written as a general homogeneous transformation.

" #zcos cos  sin sin sin cos sin cos sin +cos sin sin X
TS = RS d® Bcos sin +cos sin sin COS cos sin  sin COS COS sin Yz
0 1 cos sin sin COS CO0S Z
0 0 0 1
(4.14)
Where:

is the roll angle.
is the pitch angle.
is the yaw angle.

Now the transformation from the leg end points to the globainfe can be written as in Equation 4.15 and the
transformations from the CoM of the individual links are winan Equation 4.16. This equation is for the right
middle (rm) leg, transformations for the rest of the legsfatend in the same way by replacing tlﬁén 3 With

the appropriate leg position transformation.

Tons=TeT s (4.15)
TCm = TETL T om (4.16)

Using these transformations the position of the leg endtp@ind the CoM of the links, can be expressed as in
Equation 4.17-4.18.

2 3
0
6 _ +cr8-r0R0
P3 = TBTLTBEOz (4.17)
1
PCom, = TETL Ploy (4.18)

4.45 Inverse Kinematics

As seen in Section 4.4.2 a kinematic chain can be set up fdrlegcin relation to the robot frame. A chain
describing the leg only contains links and rotational jgjrdnd a rotation at a joint will orientate the links
attached accordingly. This can be used to determine howrttiedeg is positioned, and as a consequence
where the end point is located.
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The reverse operation is often interesting, and if it is fldsgor the leg end point to reach a position in space,
it is also possible to determine the angles at all the jofotshe given position.

To be able to nd the angles of all the joints on the robot, mécessary to know the position of the end points,
and also the pitch, yaw, roll, and position of the robot badyhe global frame.

In general, solving the IK equations can present some cigdte Some positions cannot be reached at all, as
the physical system is unable to get there, e.g. the positaid be too far away from the robot, this is called
kinematic sigularities. Some end point positions couldgh@aere than one solution, and not all the solutions are
equally desirable. Many proposals have been suggestedifimgthese issues, some revolve about minimizing
the torques required for moving to the position. Other meéshsimply depends on choosing the solution which
is closest to the current con guration. There is as such npk generic method for optimally solving the IK
problem.

4.4.6 Transforming from Global Frame to Leg Frame

Before the IK kan be solved for the individual legs, the led eoint coordinates, which are referenced in the
gobal frame, needs to be transformed to the individual lagés.

This inverse transformation is the pseudo inverse of thedegody transformatiod £ and body to global
frame transformatiof g. The pseudo inverse of these transformations is found Ingp@sing the rotational
and translational parts seperately and then recombinimg thiThe pseudo inverse mf andTg’ is shown in
Equations 4.19 and 4.20. [12, P.145].

#
(RS)T  (RY)T dg

TE=(TE) t= ) A (4.19)
" it
RB T RB T dB

TY =(78) 1= (L)) ( L)l - (4.20)

Where:

Rg is the rotational transformation from the body to the gldane.
dS translational transformation from the body to the globahte.
RE is the rotational transformation from the leg to the bodyrfea
dE translational transformation from the leg to the body frame

4.4.7 Solving IK for Each Leg Geometrically

For this particular system, it is decided to solve the IK eiuns for each leg separately, as this makes it possible
to solve it geometrically, by setting up some constraintse Trst constraint for solving the IK equations, is
given by the fact that all of the robots joints only allow riid& about one axis. The second constraint is that the
Femur and the Tibia joint always rotate on parallel axes. fhire set of constraints arises from the physical
limitations for each joint, giving us some angular interfi@l each joint in which the servos can actually rotate
the link. In Figure 4.5 the limited angles of movement arengino

After transforming the leg end point coordinates from thabgl frame to the leg frame, the coxa joint angle
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Figure 4.5: lllustration of the possible angles which the legs joines @n ned to rotate within.

can be found using thatan2(y,x)function®. The relation between coxa angle and robot body, is illtestian
Figure 4.6. This gure also shows how the coxa angle can beddalirectly from the leg end point coordinates
in the leg frame.

~ -

/0) Leg End Point
\\ / (X;,¥,)
) y
8
" (rm) ¥

Figure 4.6: lllustration of the coxa joint angle, in the leg-frame. It iguévalent of determining the angle of the end point relatvéhie
x-axis of the leg frame.

The situation where the end point is positioned directlyolaethe coxa joint poses a special case, as it will
result in in nitely many solutions for the choice of coxa biangles. This is due to the fact that the rotation
of the coxa joint, in this speci c case, will have no effect thre solution for the outer joints. In this case some
other information should be used to choose the coxa joirgkeaihis could be to re-use the last known angle
found for the coxa joint.

End point positions, closer to the center of the robot thancthxa joint, will be interpreted, by thetan2(y,x)
function, as an attempt to rotate the leg inwards througtctzessis. Thus if positions underneath the robot
are desired, caution must be taken when rotating, to aveiersion of the x-axis. Therefore, when the x-

170 avoid confusing the sign of the angle, we as&n2instead otan 1, which solves the arctan problem by determining the quadrant
Thus it always returns positive angles (0 to 180) when in thygen half plane, and negative angles (0 to -180) when in theribalf plane,
atan2calculates the angles in radians, but as that is a trivialeion it is assumed in this section that it returns angleegrees.
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component of the leg end point position in the leg frame, Fatige,180 must be added, to ensure that the
angle chosen is within the constraints. Now the transfaonahentioned in the beginning of this section can
be achieved. The nal equation for the coxa joint angle isvgh@n Equation 4.21.

8
2 ik 1) XL =0
1(k) = S atanZy, ;x. )+ 180 XL <0 (4.21)
atany, ; x.) ; otherwise

Where:

(k) is the coxa joint angle at timle
X is the x-component of the position of the leg end point in #geffame  [mm]
yL is the y-component of the position of the leg end point in #eframe  [mm]

To nd the femur and tibia angles, the leg end point coordisadre transformed to the coxa frame, by the
transformation in Equation 4.23. This way the angles carobad by looking at the angles in the triangle with
vertices in the origins of the coxa, the femur and the tibgarfes. The triangle lies in the xy-plane of the coxa
link. The location of the coxa xy-plane is illustrated in &ig 4.7 and the triangle spanned by the coxa, femur
and tibia links is shown in Figure 4.8.

To=(TD) * . (4.22)
0T 0T 0
Tg = (Rcl)) (Rl)l di (4.23)

Figure 4.7: lllustration of the coxa frame. It is always oriented so thaxis is parallel with the coxa link, and the y-axis is pafaéh
the z-axis of the robot body frame.

In Figure 4.8 an illustration of the triangle, and the looatbf the angles for the IK solving, are presented.
Notice that the origin of the xy-plane in the coxa-frame &qald at the femur joint.

The angle , which is the angle relating to the femur servo position, canlérived directly from the triangle,
hence making Equation 4.24 applicable:

2= 2 (4.24)
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y

Tibia Joint (3)

Femur Joint (2)

Coxa Joint (1)

“~-._ \ End effector link (4)

Figure 4.8: lllustration of the 2D triangle with vertices in the coxagetfemur and the tibia linkframe origins. The angles », s, the
lengthsl, andl3 and the lengtl are all used used in the IK solution.

The angle ; can be found by looking at the angle between the lilm@d the x-axis. This angle can be found
as shown in Equation 4.25

1 = atanZys; X3) (4.25)

Where:
X3 andys is the x- and y-components of the leg end point coordinatéisditoxa frame.

If an angle ; is de ned as the angle describing the entire angle spannékedfemur corner of the triangle, it
is given from trigonometry that this angle can be describgthk femur link length, and the tibia link length.
¢ is found as shown in Equation 4.27.

q
b= x3+y2 (4.26)
_ (1> + B (I3)?
t = acos 21, b (4.27)
Where:
x3 andys are the x and y components of the leg end point coordinatdeindxa frame [mm]
I, 13 andbare the lengths shown in Figure 4.8 [mm]

Note that this solution for ; in principle is also valid if the triangle is mirrored aroutite x-axis. For this
particular leg design however, the constraint on the tibiat§, prohibits it from rotating upwards. To ensure
that the tibia joint always rotates downwards,is de ned as a positive angle.

Now we can determine; by relating 1 and

2= ¢t 1 (4.28)

Using the same formula as in Equation 4.27 we can nd

12+12 1P

=acos
3 2 13 I,

(4.29)

(4.30)

3 relates directly to 3, the tibia joint angle, as shown in Equation 4.31.
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3=180 3 (4.31)

4.4.8 Summary of Inverse Kinematic Solution

The equations below provide a summary of the formulas netded the individual joint angles.

8

2 ik 1) ;XL =0
1(k) = atanZy, ;x ) +180 ;XL <0 (4.32)

atandy, ; x.) ; otherwise
(9 =acos T U0 aangy 9:600) (4.33)
4 S , 1
K)Z + y3(K)2 12)2 (I13)?

(k) =180 aco% X3(k)? + y3(k) (12)2 (Is) ¢ 4.39)

213 1y

Where:

x. andy, are the x- and y-components of the position of the leg endtpoithe leg frame  [mm]
X3 andys are the x- and y-components of the leg end point coordinattftei coxa frame [mm]
I, 13 andbare the lengths shown in Figure 4.8 [mm]

4.5 Dynamic Considerations

As stated in the introduction of this chapter and in Sectid) @&ynamic considerations must be done in order
to be able to ensure static and dynamic stability. The gotiede considerations is to nd the position of the
CoM and an expression of where the ZMP is according to a gigealeration.

45.1 The Center of Mass

The CoM of the robot must be found in order to control if statigbility is ensured. As stated in Section 2.3
the CoM must lie within the PoS at all times. The CoM can be @el s the average position of all the links
weighted by their weight. Expressed as:
P
G _— | i
Cc” = m (4.35)
Wherem; is the mass and® is the position of the i'th object given in the global framen this case there
are 19 objects, 18 link objects in the legs and the body. Thd Gorepresented in the global frame, as are
the coordinates for the PoS. For the purpose of determirtatg stability, the CoM can be projected on to
the ground perpendicular to the global z-axis, hence it ssiibe to discard the z-component. As the robot is
symmetrical and if all the legs are placed with the same angteeach joint, the CoM will be placed on the
ground, in the center of the robot. This assumption couldelh many cases but it is considered necessary
to develop a model of where the CoM will move to and from, in @.¢ripod gait.

When using the kinematics from Section 4.4 the CoM can be itbestas in Equation 4.36.
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P P .
”'g; pgoM. _ m; T!ET eT iOpICoM.
m; m;

CC =

(4.36)

In order to get a 2D representation@ it must be projected perpendicular on to the ground.

45.2 The Zero Moment Point

As introduced in Section 2.3 it is necessary to investigageZMP. As stated previously the ZMP must lie
within the PoS at all times to ensure stability. If the ZMPateas the edge of the PoS, the moving robot will
start to overturn hence making the robot unstable. As expthliater in this section the ZMP is dependent of the
accelerations, the mass and the position of each link. Ogeavavoid dynamic instability is to monitor how
the ZMP behaves by measuring and calculating it online. plasess can however require many calculations,
as it requires knowledge of the acceleration of all links.otkrer way is to investigate some sample gaits and
steps, and investigate how the ZMP behaves of ine. By dolmigiaf ine simulation it is possible to nd some
margin on the PoS that the CoM always must lie within. The ZBIBarived in [13] as:

xo
mi(Xi (& + 9) Xiz) lyly
Xzmp = =1 30 (437)
m;(Z + ;)
i=1
xo
mi(yi(Z+ ) Y¥iz) lixli
Yzmp = =1 30 (4.38)
m;(z + ;)
i=1
Where:
m; is the mass of link [a]

Xi, Yi andz; is the position of link

Xi, y; andg; is the acceleration of link
I; is the inertia tensor of link

g, is the gravity acceleration

I ; is the angular velocity of link

This can be simpli ed if we consider the mass of each link taloint mass in the CoM of the link [14].

X
mi(xi (& + g) %z)
Xzmp = =1 0 (4.39)
m; (g + g)
i=1
X
_ mi(yi(&+ %) Yiz)
yzup = (4.40)

X
mi(g + ;)
i=1
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Maximum Movement of ZMP

The maximum movement of the ZMP is calculated on the basis @lssumed worst case acceleration of the
robot. This worst case acceleration is assumed here to hmteewhere the robot throws the body forwards
by moving all leg end points backwards as fast as possibles ddteleration can be found by using the MTL

to record the position of the robot body and then by derivirggydouble derivative to express the acceleration.
As shown and calculated in Appendix A the ZMP is able to mo@an in worst-case. This allows us to set a

margin on the PoS which should be more than 8.8mm, henceiagaignamic instability.

4.6 Testof Inverse Kinematics

A test of the IK is described in Appendix C on page 85. The tedubm the test and the expected results are
shown in Table 4.2.

Subject | Initial value | Stop value | Total movement | Expected movement| Difference
X 1.26 -52.51 53.77mm 50 mm 3.77mm

y 1.66 52.34 50.68mm 50mm 0.68mm

z 71.93 122.9 50.937mm 50 mm 0.937mm
Roll -1.65 9.28 10.93 10 0.93

Pitch -0.76 -11.21 10.45 10 0.45

Yaw -4.47 5.33 9.8 10 0.2

Table 4.2: Results for the inverse kinematics test

Only small deviations was measured and the maximum dewiéion the expected results was 3mm. The
deviations from the expected results are due to the high atradiclearance in gears and motors in the servos
on the robot.
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4.6 Test of Inverse Kinematics




Chapter

System Design

Through this chapter, the control software, is describeidst Ehe overall system is described and then each
subsystem in detail.

The system for controlling the robot relies on the intexatof four elements.
¢ The operator, who gives directions to the robot.
« The physical robot, described in Section 2.2
* The Vicon camera system, which measures where the robdeamh is, as described in Appendix E

* The software developed in this project, responsible fovimmpthe robot in the direction, provided by the
operator.

The interaction between the elements is illustrated in iEidul.

.- jVicon cameras

Control system
Operator
Figure 5.1: The system is based on the interaction of four elements. Tterigoosition is also sampled by the camera.
The robot's position is continuously sampled by MTL and smaitted to the software, which makes it possible

to analyze the motion and position of the robot. For moving ftbbot, it is necessary to have a reference
direction given in the global xy-plane, this is provided bg bperator.

The software receives both the current robot coordinates MTL, and the direction vector from the operator.



30 5.1 System Structure

5.1 System Structure

The task of the control software for the robot is to move thHaotdhrough the terrain. The sensor feedback
available is the robot's body position and Euler angles. @i&er input allows movement of the body omnidi-
rectionally in the plane.

The directional input vector is interpreted by the systeniclvlyenerates angles for the servos. If the angles
results in some unfortunate properties, e.g. making thedetiide with each other, this must be detected and
avoided before the servos are actuated. The propositigchdarontroller structure is shown in Figure 5.2.

ul
Data
_|—> Gait - IK _|  Error detection _| serial
Generator - Solver 7 and handling 71 Comm.
MT Lab
Data 7y T

Figure 5.2: Concept of the controller structure.

The gait generator, presented on Figure 5.2, plans how te ih@vlegs through the terrain and where to place
the end points to sustain stability. The gait generator eagtildded into two, where one block preforms triangle

searching and one handles the positioning of the leg endsaoirhe triangle search is done with the criteria

of maintaining stability and avoiding possible collisiongh the terrain. The gait generator block determines
how the leg endpoints and robot body should be manipulateatiigeve the gait. To prevent the end points

from colliding with the terrain the Arti cial Potential Fuiion (APF) algorithm is used, as described in Section
5.2.5.

Computes the servo angles from the leg end point and robat position. If it is not possible to calculate the
servo angles for the given robot con guration it will try tegover by moving the body to another position. If
the IK solver does not encounter a problem or if it is able tmver from it, the angles of the legs are passed to
the error detection and handling block.

An extended overview of the entire structure can be seergiargis.3

Gait generator IK solver Error detection and handling

.................................................................................................................

Ul

Data : P 1K P :
H Triangle APF H N IK roblemn H i Collision Collision P Serial
—|—:-) searcher > Algorithm | v7| solver > P H v7| detector > avoider 7] Comm.
MT Lab : . solver | : :
Data

= i e

Figure 5.3: lllustration of the extended overall controller structure

The IK solver block can be divided in two, as in gure 5.3, whame block calculates the servo angles for a
given end point position, if possible, and if not the othexdil will try to move the body in order to recover as
described in Section 5.2.8.

The error detection and handling block investigates if thi@tgn, determined by the IK solver, will cause
collisions with either the terrain or with the robot it seMVhen the system has veri ed the angles, they are
passed to the robot via the serial communication interfatmwyever if it is determined that the servo angles
will cause a collision, the collision avoider block will athpt to solve the problem as described in Section 5.5.
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5.2 Gait Generation

In this section the generation of the robot gait will be didmd. It is chosen to focus on a tripedal gait, as this is
assumed to provide the fastest movement speed, as desicribection 2.3. First some general considerations
regarding the gait will be described together with a gendeatription of the gait. Next it is explained how the
different processes in the gait is performed.

5.2.1 De nition of Gait Cycle

The gait to be generated is based on the tripedal gait. Thissghased on a triangularly shaped PoS as
described in Section 2.3.

The gait can be separated in two states. State one is wheroemd p, 3 and 5 are free while end point 2, 4 and
6 are support end points. State 2 is the reverse where ents [20ifh, and 6 are free and 1, 3 and 5 are support
end points. The movement of the robot happens when the CoMgdnfrom one PoS to the next. The gait
cycle is illustrated in Figure 5.4.

Movement direction

A

Step 3
State 1

Step 2
State 2

Step 1
State 1

Figure 5.4: lllustration of the PoS and CoM during the gait cycles. Thésdepresent the leg end points, where the ones with arrows
pointing to them represent the free legs. The edges drawveketthe end points touching the ground represent the PoS.

5.2.2 Gait Limitations

The gaits possible for this robot is limited by the physicaerties of the robot. Also the rotation of the robot

body frame relative to the global frame limits the possitdétg E.g. it might not be possible for some legs

to reach the terrain if the roll or pitch angles are to large e legs that can actually reach the terrain, might
have problems providing enough torque output as they hali# &darger load.

These problems are considered when designing the gaitagengalgorithm and it is assumed that the robot
servos will always have enough torque output, for the gaedrgait.
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5.2.3 Gait Performance Measures

To be able to generate an optimal gait for a given terrairg itécessary to determine what exactly de nes a
good gait versus a bad gait. In this project the performafeeait is chosen to be measured on the movement
speed of the robot and its stability. In other situationsigimbe important to keep the robot body aligned to
some vertical or horizontal axis, or to not generate largelkecations. Though for simplicity and to keep the
focus on the problem of traversing an uneven terrain effelgti only robot movement speed and stability are
chosen as performance measures.

As described in Section 4.5 the stability of the robot is dateed online by the evaluating the position of the
CoM relative to the PoS.

The movement speed of the robot is a function of the steplesighe gait and the gait cycle frequency.

Stability of Gait

As mentioned in Section 4.5, the PoS and the position of thd @@ necessary to determine the static stability
of the robot. A PoS with a large area results in a larger regio@rein the CoM can move with ensured stability.
As the robot legs are limited in range and torque, there isppeulimit to the PoS area. To maximize the PoS
area it should have equally sized angles and equally sizgelsedor a triangle if one is true so is the other).
This suggests that, for the tripod gait, the PoS should a@mbran equilateral triangle.

Regardless of the size of the PoS, a good gait regardindistaisione that maximizes the minimum distance
from the CoM to the edges of the PoS. This can be describedxmiming the Static Stability Margin (SSM).
The SSM can be calculated as in Equation 5.1, which expréssesinimum distance from the CoM to any of
the edges of the PoS.

|
PE PP (PE PEm)

SSM =min
pe PP,

for all i (5.2)

Where:
pC is the position vector of cornérof the PoS
p&, is the position vector for theCoM

It can be reasoned that the point in the PoS with the largetdrie to all edges of the PoS, is the same as the
center of the largest circle that t in the PoS (the incircldp nd the center of the incircle one can use the
angle bisectors. The intersection of the angle bisectdralisthe optimal position of the CoM inside the PoS,
regarding stability.

The center of the incircle in a triangle de ned by three vestas shown in Figure 5.5, can be found as shown
in Equation 5.2.

_(bp;+c pyta ps)
a+ b+ c

P4 (5.2)
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Y

Figure 5.5: lllustration of triangle and its incircle. The vector namesrespond to the names used in Equation 5.2 that nds the cehte
the incircle.

Step Length Considerations

To be able to determine how long one step should be, somexpations and assumptions are done. This is
done while considering the already known limitations giieprevious sections.

The average PoS is considered an equilateral triangle,4gitbm sides. In Appendix A it is calculated that
the PoS should be narrowed by 0.88 cm in order to ensure thaiNtP stays within the PoS. This gives the
P 0Snoditieas @ Side length of approximately 39 cm.

Itis chosen that the step length of the robot should be equhétradius of the incirle of the 0Syogitied - This
way it is possible to obtain a length which can be used wheemging the gait. The reason, why this method
has been chosen, is to ensure that even if the robot moves atbight forward from a standing position, static
stability will be ensured. This length can be calculated as:

(s a(s b(s ¢
S

Fin =

Where:

— atbtc
S= T2

a, bandc are the sides of the triangle.

Since theP 0Syoditied  triangle is considered equilateral the formula can be redtae:

=11:26cm (5.3)

So by using a step length of approximately 11 cm, it is, in #iiproximation, possible to ensure static stability
while moving forward from a centered position. It should fx¢ed that this step length approximation is only
based on stability criteria and the kinematics of the rolbich might limit step length, are not considered.
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Movement Speed

The movement speed of the robot is dependant of the stefhlangtthe gait cycle frequency. As mentioned
the Section 5.2.2 there are limits to where the robot legsncave and how much torque the actuators can
deliver. This limits the step length and the gait cycle fremgy. The maximum velocities of the leg end points
are related to the gait cycle frequency but will vary depegdin the robot con guration. For simplicity it is
chosen to only measure the goodness of the gait, relatedwement speed, by the step length.

5.2.4 Support Polygon Search Algorithm

In this section the actual gait generating algorithm is dbed. Many of the considerations in the previous
section are taken into account, though the solutions foirttiigidual problems regarding the gait generation,
are kept as simple as possible.

The overall gait cycle is as described in Figure 5.4. Whilerthmot is standing on the three supporting feet, the
algorithm nds the next support points and moves the feedlytend consequently the CoM there.

For each step the state changes and a new destination stiugte is found on the terrain. The vertices of
the destination support triangle are the goal destinatiothk free leg end points. Each time the free end points
reach their destination a state change is triggered. Theepsoof triggering the state change and nding the
new support triangle is illustrated in Figure 5.6.

The algorithm that searches the terrain for acceptablestipfangles uses the considerations in Section 5.2.3
and known constraints of the robot. The process of ndingeptable support triangles, is one of two central

aspects of the gait generation algorithm, the other beiagtbcess of navigating the free end points to their
destination.

The parameters determining if a support triangle is accepte

 Terrain edges.
Reason: To avoid placing the leg end points in areas with tigddof foot slip.

« Height difference of the triangle vertices.
Reason: To avoid support triangles with steep angles thgttitrmtroduce kinematic singularities.

« Side lengths of the triangle.
Reason: To keep the leg end points within reasonable distaineach other and consequently the body.
To avoid kinematic singularities and possible torque latiiins of the servos.

« Terrain height in and around the triangle.
Reason: To keep a reasonable amount of free space beneatibdtidody, to avoid collisions with the
terrain.

The triangle search pattern is illustrated in Figure 5.7 $karch pattern is made of increasingly larger circles
around the vertices of the immediately found triangle. Thms on the circles are tested as possible vertex
locations in the positive direction around the immediatenigle vertex. The search circles are increased in
radius until an acceptable triangle is found, or the maxinmadius is reached. The search circle radius is
increased in steps and the circles are searched for verstigns with some angular step. The maximum

search circle radius and the step sizes are adjusted to Bategptable trade-off between the number of points
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Leg end point position
and direction input

Has free end points
reached their destinations?

Output old
destination support triangle

Output appropriate support end points
and free end points depending on the state

Calculate new preliminary
support triangle

Is new support triangle
acceptable?

Change gait state

Output new destination
support triangle

v

Output appropriate support end points
and free end points depending on the state

Search close proximity for
possible support triangle

Figure 5.6: Flowchart illustrating how the triangle search algorittexekecuted.
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to be investigated, the time it takes to nd an acceptabkengle and the probability of actually nding an
acceptable triangle.

New test vertex

New test vertex

New test vertex

‘f“
[N

~_New test vertex

New test vertex

Figure 5.7: lllustration of the search pattern used to search the tefaaisupport triangles. First the immediate triangle is foimthe
movement direction, here illustrated by the triangle withtelbsides. If this triangle is not acceptable, the searchitigied. The search
is performed by searching positions on circles around thgirai triangle. If no points are found on the rst circle thedius is increased
and the search restarted.

5.2.5 Leg end point Navigation

When some appropriate support triangle has been found, ttidask is to move the leg end points to their
destinations. The leg end points are navigated to theiirdeg&ins using APF's. The main idea behind the APF
method is to attach arti cial positive charges, to the led goints and the obstacles, while attaching negative
charges to the goal positions. The leg end points can be gjaidmind the obstacles to the goal position, by
looking at the gradient of the APF created by the charges@hp, 4]. A simple example involving a simple
obstacle and a 3 DoF leg is shown in Figure 5.8.

The APF is divided in two parts, the repelling potential ane &ttractive potential. The attractive potential is
divided into two different functions one conic and one qaidr The conic potential works farther away from
the goal to avoid large velocities, while the quadratic AR¥kg closer to the goal to avoid oscillations due to
overshooting and to make sure the potential in the goalipasé de ned. Figure 5.9 illustrates the attractive
potential and its gradient in two dimensions. The attra&#PF is written in Equation 5.4 and its gradient in
Equation 5.5 [15, p. 82].
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Figure 5.8: lllustration of APF method. The positive charged obstagielgthe robot leg end point while the negative charge astiaic
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Figure 5.9: Figure (a) shows an example of the attractive potential. imekample the threshold distamt&)al is 10 mm meaning that the
APF is conic more than 10 mm away from the goal position (40,2d)guadratic closer than 10 mm to the goal position. From Eigur
(a) this can be seen from the slope of the function. Figurslfbyvs the gradient of the APF. From Figure (b) it can also ke $eat the
gradient vectors decrease in magnitude when the distanbe goal position is less than 10 mm.
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(
1 42(n- . .
Uan(@) = 2 € i) i) o (5.4)
dgoa| d(q; q;oal) 5 (dgoal) ;d(q; cboal) >d goal
(@ Ggoal) ;d(0; Goa) Aol
r U (q) = d oal oal (55)
Com i) (0 Gpoa)  Igoa
Where:
U is the APF.

r U is the gradient of the APF.

is a scaling factor for the attractive potential.
d(g; geal) is the distance from the poigtto the goal positiomjoa [mm]
dgoa IS @ threshold distance that determines when the APF is comjoadratic.  [mm]

The repulsive potential consists of the sum of several giygipotentials in the immediate proximity of the leg
end point. The individual repulsive potentials are quadyrameaning they increase rapidly when approaching
the obstacle. The repulsive APF and its gradient are pregémtEquations 5.6 and 5.7.

8
X <1 o1 1% Ly
Urep(Q) = 2 dilw Q di(@) Q (5.6)
i=1 ( 0 ;di(g) > Q
X 1 1 1 . -d:
I Upep(Q) = o @ @@ 4@ d@ Q (5.7)
i=1 0 ;di() > Q
Where:
is a scaling factor for the repulsive potential. [-]
di (g) is the distance from the pointto the obstacle. [mm]
Q is athreshold distance of in uence for the obstacles. [mm]
n is the number of obstacles considered. [-]

In Figure 5.10 the distance from the leg end point to the alestand the obstacle distance of in uence is

illustrated. Depending on the position of the leg end po@ative to the repulsive charges, the number of
repulsive charges considered changes.

dio(a)

Figure 5.10: lllustration of three repulsive obstacle points with thdistance of in uence expressed by the dashed line and theidigl

distances to the leg end point. The leg end points are onlyenced by the repulsive potential of obstacle poiahdi + 1 while it is
outside the distance of in uence of obstacle paiat2
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When both the attractive and repulsive potentials have baleulated, a resulting APF is found by summing
the attractive and the repulsive potentials. An example adraplete APF can be seen in Figure 5.11 where
repulsive charges have been placed in (20,60), (40,60)6hH60).
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Figure 5.11: This gure shows an example of the APF with both attractive egplilsive potentials. The gure is the same as 5.9 (a) but
with the addition of repulsive charges at (20,60), (40,6@) €60,60). For this example the distance of in uence for #yeutsive charges
has been set to 40 mm while the repulsive scaling factoave been set to 1000

The desired position of the leg end points is calculatedgugigradient descent algorithm as shown below.

while g(k) dgoa > do
ak+1)= q(k) r U(q(k))
k=k+1

end while

The gradient descent algorithm runs for each of the freenégpeints until they are within some distancef
their destinations. The constantis a factor scaling the step size, meaning it scales thergtistthe leg end
points travel each sample.

Example of APF Functionality

The terrain map is covered with repulsive charges. Themtistaetween these points and the magnitude of their
individual potential elds needs to be selected in a way teahances the movability of the robot legs, while
avoiding collisions. For simplicity it is chosen to coveetterrain surface with a grid of equally distributed and
equally strong repulsive charges. Figure 5.12 shows howepelsive charges are placed on the terrain, and
how a theoretical leg end point would move through the tarrai

State Change Problem

When a state change is triggered in the gait, a problem adses free leg end point approaches its destination,
the repulsive charges near the destination, are not cassid&éhough when the state change happens and the
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Figure 5.12: The repulsive charges are equally distributed over thaitesurface. This is a section of the arti cial terrain. Tleel points
are the repulsive obstacle points. The yellow and red th&apgints to the destination of the leg end point while theegrand black
triangles indicates the stepwise position of the leg endtpoi

supporting legs become free legs, the repulsive pointstheaupporting leg end points might cause the leg end
points to move unacceptably fast. This is handled by se&mgpper limit for the repulsive potential gradient.
By limiting the repulsive potential gradient, it is pos&hb limit the distance travelled by the end point each
sample. The upper limit of the repulsive potential gradsuld be selected with consideration of the sample
time. In praxis the limit was chosen empirically to achiesgosth movements at all times.

Local Minima Problem

The APF method is prone to local minima problems, where theimgopoint get caught in areas with a zero
potential gradient, that is not the destination. The chargstics of the terrain, and the way the repulsive points
are distributed on it, creates an environment where localmd problems are likely to arise. An example of
a local minima problem where the leg end point is caught atiat path close to zero potential gradient, and
does not reach its destination, is illustrated in Figurgad). Figure 5.13 (b) is a simpli ed illustration of the
local minima problem. The problem arises when the forcebnguthe end point towards the destination and
pushing it away from obstacles are equal.
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Figure 5.13: Figure (a) shows a case of the local minima problem that prevbetleg end point from reaching its destination. The yellow
lines are the sides of the support polygon, ending in the et gestination. The green and black triangles are the eimt positions at
each sample. The red and black triangles indicate that afeicaium problems was detected. Figure (b) is an illustratioa sifmpli ed
version of the problem. In both cases the resulting force ere end point is zero.

To solve the local minima problem, the area that containslaghal minimum can be lled with repulsive
charges. A simpli ed example is illustrated in Figure 5. Repulsive charges are placed between the leg end
point and the destination. This repels the leg from the locaima. If adding one repulsive charge is not
suf cient, and the end point is still caught or gets caughd imew local minimum, continually adding repulsive
charges will eventually Il up any areas that contain locahma problems and the leg end point can continue
to its destination.

To detect if leg end points are caught in a local minimum ofAlRE-, the magnitude of the APF gradient can

be used. If the gradient is very small, the leg end point isegitlose to its destination, or caught in a local
minimum. Because of the discrete time nature of the systergrhdient will rarely be equal to zero. Therefore

a threshold is used to detect if the local minima problem mecifithe magnitude of the gradient vector is less
than some threshold, and the leg end point is not considezadits destination, a Boolean value is set to true
and passed on in the system, so extra repulsive charges gdaced appropriately. The local minima problem

is detected and solved individually for each leg.

As mentioned the extra repulsive charges are placed betthedag end point and the end point destination.
The charges are placed 2 mm below the vector pointing frontetihend point to its destination, at a constant
distance of 5 mm. This way the leg end point is forced upwardsally away from the terrain. The repulsive
charges are placed as shown in Equation 5.8.
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Resulting force

Attractive force
ractive Torce™ hastination

Extra repulsive potential point

Repulsive forces
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Figure 5.14: lllustration of the principle of adding extra charges toidvocal minima. The extra charge is placed between the leg end
point and the destination. This way the leg end point will &eelled from the local minimum. Figure (a) shows the same caseragure
5.13 (a), but here the local minimum is escaped by the use d ektirges, indicated in the gure as cyan and magenta triandlee
yellow lines are the sides of the support polygon, endindghenénd point destination. The green and black trianglesterend point
positions at each sample. The red and black triangles iretbat a local minimum problem was detected. Figure (b) shovisglied
version of how the extra repulsive charge is positioned tadathe local minimum.

23

0
p. =54 Peo §of (5.8)

Pd  Pep 2

Where:

p. is the position vector for the extra repulsive charge in tiobal frame.
Pep is the position vector for the leg end point in the global feam

p4 is the position vector for leg end point destination in thebgll frame.

The extra repulsive charges are fed back to the APF block bi#far that can only hold a limited number of
coordinates. This way old charges will get overwritten bywmo@es and the next time the robot passes the same
area on the map, the extra charges should be gone.

5.2.6 Robot Body Position and Orientation

In Sections 5.2.4-5.2.5 it was explained how the robot gajenerated and how the leg end points are moved
to their destinations. When moving the leg end points, thetrbbdy needs to move with them. In this section
it is described how the robot body movement is done, and haeitsured that the robot is stable at all times.

The desired robot body position and orientation dependserdesired positions for leg end points. If the
robot body is positioned, or oriented appropriately, theidel leg end point positions might result in kinematic
singularities. The problem with kinematic singularitiesherefore dependent on proper support triangle gener-
ation. Itis assumed that the vertices of the support triesgte always possible to reach with the corresponding
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leg end points.

Two triangles can be drawn with the leg end points as vertioe® of these triangles is the support triangle as
described in Section 5.2.4, the other is the free triangth thie free leg end points as vertices. It is chosen to
place the robot body along a triangle representing an agdyatyveen the support triangle and the free triangle.
The vertices of the average triangle is calculated as in tansa5.9.

Ps; + pfi

5 (5.9)

Paj =

Where:

Pa; is the coordinates for i'th vertex of the average triangle . -] [
Ps; is the coordinates for i'th vertex of the supporting triaangl [-]

pr ; is the coordinates for i'th vertex of the free triangle . [-]

An example of possible support, free and average triangkestaown in Figure 5.15. As long as the robot is
considered stable, the robot body is continually moved tda/ghe incenter (in the xy-plane) of the average
triangle and the body's roll and pitch angles are alignedhlie average triangle. If the robot is marginally
stable, meaning the CoM passes the threshold distance Rothehe robot body is moved towards the incenter
(in the xy-plane) of the supporting triangle. The heightta tobot body is set to a constant distance above the
incenter, of either the average triangle or the supportiaggle.
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Figure 5.15: lllustration of the support triangle (green), the freenigke (red) and the average of the two (blue). The stars itelite
incenters of each triangle. Figure (a) and (b) show thegtemfrom two different angles.

The body is moved a constant distance towards the desirétioposach sample. As the leg end points move
towards their destinations, the free triangle moves andequently the average triangle moves. By setting the
distance which the body travels each sample, accordingetdiitance the average triangle travels each sample,
it can be ensured that the body does not trail too far behiadets during the gait cycle.

The next position for the robot body is calculated in eachanas shown in Equation 5.10. In Equation 5.10
the vectom .S either the incenter of the average triangle or the supgpttiangle depending on the stability
of the robot. A factory scales the distance, the body travels each samplie, #f 1 the distance travelled
during one sample is 1 mm.
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Paestk)  Po(K)

k+1)= = :
Polk+ 1) iPgest  Pu(K)j

bs; (5.10)
Where:

pp(k) is the coordinates for the body frame at time k . [-]

PqestiS the desired destination coordinates for the robot bodiyret k.  [-]

bs is a constant scaling the distance the body moves each sample [-]

To align the robot's roll and pitch angles to the average ppsuting triangle the angle between the robot and
these triangles needs to be calculated. This is done bylatitaythe angle of a vector normal to the triangle,
relative to vectors pointing along and perpendicular tatiet body heading. These angles are found as shown
in Equation 5.11 and 5.12.

Vi = (acogp, phead;) 90) (5.11)
Vp =acogpP, Phead 90 (5.12)

Where:

V; is the roll angle of the triangle relative to the robot.

Vp is the pitch angle of the triangle relative to the robot.

p, is the normal vector for the triangle.

PreadiS the a unit vector indicating the robot body heading in thebane.

PheadplS the a unit vector perpendicular to the robot body, alwaystng to the right side of the robot.

To make sure the robot body does not change its orientatiorfast, a unit vector is generated from the
difference between the robot orientation and the relatiamgle orientation. This unit vector is added to the
vector containing the robot roll, pitch and yaw angles. Thevétion of the unit angle vector and the addition
of this to the robot orientation vector is shown in Equatiohsh

2 3
(k)
an(k) = 3 (% (5.13)
(k)
2 3
Ve (K)
ai(k) = vy (k)5 (5.14)
0
ai(k+1)  ap(k)

ap(k +1) = ap(k) + jar(k +1)  ap(K)j

(5.15)

Where:

v, (k) is the roll angle of the triangle relative to the robot at tikne

vp(K) is the pitch angle of the triangle relative to the robot atethn

ap(k) is a vector containing the roll, pitch and yaw angles of tHzoto

a( (k) is a vector containing the relative roll and pitch anglesheftriangle relative to the robot.
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5.2.7 Preliminary Simulation Example of Gait

In Figure 5.16 a simulated gait with 60 mm step length is ilated. The gure illustrates both the support

triangles, found by the triangle search algorithm, and #magde wise leg end point positions generated with
the APF method. Figure 5.17 shows the same gait as illudtiatEigure 5.16, but executed on the robot in

open loop. The simulation is carried out on at ground beestine kinematic limitations of the robot makes it

impossible for the robot to walk in the uneven terrain. Ihialaated that gait generating algorithm in principle

can enable the robot to walk in the uneven terrain, but tltatires some means of recovering from a kinematic
singularity. This is further considered in Section 5.2.8.

@ (b) ©

(d) (e) ®

() (h) @

Figure 5.16: Time lapse illustration of the robot gait on at ground. Théa is illustrated by lines representing the kinematic links
Figure (a) the robot has just started a gait cycle. The yelt@mgle is the destination support triangle for the novefieg end points. In
Figure (b) the leg end points have travelled some of the distaihe green points indicate the legs end points when thefres. The
pink points indicate the positions of the leg end points wihey are supporting the robot. In Figure (c) the robot hashed one step and
a state change have been triggered. The green trianglatadithe new destination for the now free free legs. Figuréo(() illustrate
how several state changes takes place and the robot travefsahe at ground.
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@ (b) (c)

(d) (e) ®
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Figure 5.17: Photo time lapse illustration of the same gait sequence aguré-6.16. The robot walks from right to left.
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5.2.8 Inverse Kinematics Problem Handling

The leg end point position created by the APF method can irbaeattion with the body coordinates, result in
scenarios, where the IK cannot be solved. An example is tipin Figure 5.18.

Figure 5.18: In this case, one of the legs are planned to be placed on top@tan tall box. The path to the top cannot be solved for the
entire span of time using the IK, resulting in a halt. The reddiindicate that the inverse kinematics for the legs carmeblved

To escape the IK deadlock caused by the robots movemergsiaciessary to manipulate either the path of the
end point or the robot body. If the leg, causing the error,9a@porting leg, the leg end point cannot be moved,
instead the body must be manipulated. If the leg is a freereglae path of the end point is manipulated, only

the particular leg is affected, however it is not always olgi how to manipulate the path.

The body can often be manipulated as it by default is placedju®nstraints which should minimize kinematic
problems. Manipulating the body have the potential to sofest of the IK problems. However as the IK chain
relating to a leg can seldom be isolated from the rest of thetsokinematics, it might not always solveable.

The case shown in Figure 5.18, is one of the situations whargpulating the body's position was not found to

solve the problem. However, in other cases it was found tleaimg the body away from the legs causing the
IK problem, enabled the system to move the end points clogbettarget, and thus a method for manipulating
the body is devised.

If the initial IK block cannot calculate angles for a leg, iitputs the last found angles for that leg instead.
While this is a good method to ensure that the other legs drbeitng solved properly, it is not desireable if
the leg, which cannot be solved, is one of the supporting lAgsa dynamical model is not devised, the result
of "lifting" an end point on the supporting legs is not eagiledicted. Instead it is decided to ensure that this
never happens.

To avoid manipulating the end point positions, determingdhe APF algorithm, where it was possible to
solve the IK for the leg, the body is moved as little as possitdhile still ensuring that the supporting legs are
touching the ground. Determining the distance to move thy i done by combining the body position and
the body angles, with the forward kinematics matrices &glptin the joint angles, outputted from the initial IK
block. This results in new end point coordinates as showrgumaion 5.16.
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0

23
0
P = Tiegs § ﬁ (5.16)

1

(@]

Where:
pg‘p is the end point position in global frame coordinates.
T gg 5 Is the transformation matrix from the third frame, to globabrdinates.

Calculating the vectors from the resulting legs end poirditians, to the old end point positions, which was
properly placed on the ground, provides a vector that desstiow to move the body to ensure that, that leg is
properly solved.

Vi = Pepoid;  Pep, (5.17)
V= LV (5.18)

Where:
pfjpold is the end point coordinates found in global frame cooraisét the last controller sample.
n is the number of supporting legs which could not be solvedkbwithout singularities.

When the vector is added to the body position, the IK is solved again, andefdhpporting legs are solved
properly, this is chosen as a better solution than the orntongposed by the initial IK solver.

If any IK singularities are still present, after the vectastbeen applied, the movement of the body position is
enhanced, by utillizing the property that the control syste run iteratively. Thus the change applied to the
body can be enhanced by adding the body change vector froprahi®us steps to the one applied by this step.

Vhew = V + Vg (5.19)

The ow of the IK singularity solving attempt can be seen igie 5.19

In this manner, if any of the changes are aiding in elimirgatime IK singularities, the changes are ampli ed
until the problem is solved. If it does not solve the probl@mwiill reach a maximum change, and stay there. If
the inverse kinematics can be solved without errors at saimg, fthe built up vector is cleared.

If neither of the two approaches can provide a solution, wladirthe supporting legs are solved properly, the
body position and body angles from last sample, are re-tsetsure that the supporting legs are never moved.

If any of the manipulations of the body have not solved alllh@roblems, charges are added to the potential
map, to manipulate the future trajectory of the non solved feg sideways. As the stall function ensures that
the end point is always manipulated upwards when it entessa minima, it is chosen also to manipulate the
path upwards. However as this will not necessarily solveptioblem, the charge is placed on one of the sides
of the end point. While it may not be the best solution, the ghds allways placed to the right of the end point,
for simplicity.

The position of the charge is found by creating a vector wiggberpendicular in the global xy-plane to the



System Design

49

lAngIes of the legs

Body position and angles

»| Forward kinematics

—p| Calculate vector

End point New end point
coordinates coordinates
from APF 4

tvector

v

Apply vector to body

A\ 4

»| Solve IK

v

body coords

If singularities

Add vector to vector found last step |«
otherwise output solution

vector

v

Apply vector to body

v

Solve IK

v

If solution has fewer singularities
than initial solution output solution

Figure 5.19: The ow of the singularity handler, which attempts to ensurattthe end points of supporting legs are not moved due to

singularities

vector between the end point and the body coordinates.

V= g(e;p ?E)Eody
Vy
W:g ng
Vz

2w
G — G
pcharge - pep+ G——

2 2 2
VZ + V2 + V2

Where:

(5.20)
(5.21)
2 3
0
90¢ (5.22)
2

PSay IS the body coordinates in global frame coordinaf#,,q. is the extra repulsive charge coordinates in

global frame coordinates.

When it is possible to solve the IK, the servo angles are foand,can be updated to move the robot. If it is
not possible to solve IK for all the legs, the supporting lagsgiven a higher priority than the free legs.
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Result of Inverse Kinematic Problem Handling

Even though several steps was taken to avoid kinematiclsinges, while walking in the terrain, none of them
successfully solved all the kinemtic problems. Hence thetwill not at this stage in the development, be able
to traverse the entire length of the terrain model. The rebtbthowever, walk on at ground. It is evaluated
that further work on the gait generating algorithm and thesiise kinematic problem solver, can eventually
enable the robot to traverse the terrain model. This evialua based on manual manipulation of the robot
and its legs.

5.3 Collision Detection

When a part of the robot is moving, it is important to avoid isdtins, as they can reduce the abillity to reach
the designated position of the end points. Collisions cgpba with the robot it self, and with the terrain. As
an example, consider the situation where the end point ofetiés planned to be moved outwards and to a
lower elevation. Then one of the edges in the terrain clastte body can be found to collide somewhere with
the leg. Which is the situation depicted in Figure 5.20.

Figure 5.20: The leg is given a new position which cannot be reached dueddiiaion with the terrain.

If collisions are not avoided this could result in pushiiftifig the robot with the part of the leg which is
unintentionally touching the surface. In the best casea@eit just results in stalling a servo, as the leg cannot
be manipulated due to collisions. It can, however if a ledide$ with a vertical surface, result in pushing the
robot away from the surface, and horizontally off a supportace, causing it to tilt.

Depending on the situation in which the collision is detd¢the trajectory of the leg must be modi ed to avoid
the collision, or the desired end point might not be reachedl.aFigure 5.20 also illustrates the situation where
the two joints movements alone doesn't reveal the fact tieteg cannot be positioned at the desired location.
In this case some other body path or gait must be planned te thevrobot in a different direction.

The detection of the collisions is a task which can only beoigd if a gait generating algorithm, which can
ensure that all collisions are avoided, exist. The implele@®APF algorithm does not ensure this, hence it
is necessary to detect collisions. One way of determiningli#gsion is to analyze if anything is close to the
surfaces of the robot.

A generic approach to surface collision will give the abjlio determine collisions between the robot and the
terrain, and between the robots legs.

Representing the surface as polygons, allows for manipulaf the polygon model by the kinematic model