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Abstract

Articulated wheeled robot (AWR) is a locomotion t&ys whose chassis is
connected to a set of wheels through links andtgoiitheir articulations allow for
reconfigurability that has significant applicatiomsmany arenas. But they also feature
considerable nonholonomic and holonomic constranttech make the design, analysis
and control difficult. Based on twist transformais this thesis will describe a general
approach to the kinematic modeling and analysiarti€ulated wheeled robots. We will
then propose a novel planar reconfigurable omrstioeal articulated wheeled mobile
robot (ROAMeR) to demonstrate this approach. Thisot distinguishes from existing
planar mobile robot by having capability to charige location of all the caster wheels.
Its kinematic model will be established using depedd method. Two kinematic control
schemes, based on augmented kinematics and pseeida@riechnique respectively, are
developed which coordinate the motion of the alimd legs and wheels and resolve
redundancy. Localization algorithm using odometiil also be developed. Simulation
results are presented to validate the control dlguorthat can move the robot from one
configuration to another while following a referengath. Finally, we present the design
and construction of a physical prototype. The ptgisprototype is controlled using an
onboard embedded computer running a real-time tipgraystem. The mechanical,
electrical, and software design of the physical R@R will be shown. We will then use

the physical prototype to verify the proposed desigd control.

Xl



1 Introduction

The creation of terrestrial locomotion systems withe ability to propel
themselves from place to place on land has fasdnatbotics researchers for quite some
time. There can be significant diversity of compegtirequirements such as speed,
complexity, maneuverability, flexibility and robustss leading to an equally diverse set
of solutions that tend to be dominated by wheeldeégged locomotion.

Wheeled robotic platforms, or traditional wheeletiats (TWRS), are best suited
for use on prepared surfaces. The main advantagesvheels usually provide passive
support for the weight of the system thus no ené&gyasted for overcoming the effect
of gravity; continuous motion of the wheels simighf the actuation and control
implementation. On the other hand, the mobility araheuverability of wheeled systems
are very limited. They often face difficulties whencountering large obstacles or narrow
paths. In contrast, legged robotic platforms arefgered when traversing on rough
terrains, despite of their complexity and efficignés legged systems are usually made
to imitate the legged locomotion in nature, thécatations in the leg mechanism help to
decouple the motion of the foot from the body tlhes systems can negotiate with the
environments with more flexibility.

In recent years, there has been increasing inteastombining the benefits of
rolling and walking into hybrid articulated wheeledbot (AWR) due to its various
potential applications in planetary explorationk Hgriculture [2], rescue operations and
medical equipments [3]. One of the key additidmaefits in considering such AWRS is
the ability to reconfigure the articulations to awuonodate various environmental

conditions. In this thesis, we will explore the dhg of modeling and control of such



hybrid systems, and demonstrate our approach @wadesign of AWR which we call --

Reconfigurable Omnidirectional Articulated Mobilebot (ROAMeR).

1.1 Articulated Wheeled Robot

Articulated wheeled robots (AWRS) are locomotiosteyns whose main chassis
are connected to a set of wheels through linksjaimtis. Adding articulations between
the wheels and chassis allows the location of theelvto be altered with respect to
chassis during locomotion. This can be achieveallmwing passively accommodating
or actively controlled joint motions in the artiatgd chains. Correspondingly, AWRs can
be briefly divided into these two broad categorjgassive and active AWRs. The main
research in passive AWRs pertains to designingstigpension mechanism. A careful
designed kinematics of the articulations helps wWieeel to roll over much larger
obstacles and better adapt terrain topology.

The Jet Propulsion Laboratory planetary rover fgnaks shown in Figure 1(a), is
a widely recognized family of passive leg-wheeltfolans, which includes the field
deployed Mars Pathfinder and Rocky 7 [1]. The roddmgie configuration (Figure 1(b))
has been preferred NASA design since the early 499Be passive suspension which
uses two wheeled rocker arms on a passive pivatltet to a main bogie that is
connected differentially to the main bogie on tlieeo side. The wheel’s displacement is
partially passed to the main bogie through the eocnd further smoothened by the
taking the average of the two sides. The other gksnare EPFL's CRAB [4] and
Tohoku University’s Nexus [5], shown in Figure 1é)d (d), in which the rocker-bogie

configurations are slightly modified but share faene principle as their origin.



Figure 1: (a) NASA'’s planetary rover family; (b) rocker-bogie mechanism;
(c) EPFL’s CRAB rover; (d) Tohoku’s Nexus

EPFL’'s Shrimp/Solero [6], as shown in Figure 2(&), another innovative
kinematical design which includes a front wheelpsugled by a spring loaded four-link
mechanism, a rear wheel, and two middle wheelsawh side connected with bogies.
The front fork is designed to ensure the instardagsecenter of rotation is always
positioned under wheel axis. They are only motariae each wheel, but the rover could
overcome large steps that are twice the wheel®iodstacles whose frontal inclinations
of up to 40 degrees by passively lifting the frarteel and adjusting the middle bogies
and wheels.

Passive AWRs are close to traditional wheeled mhbbtincrease the mobility of
TWRs while preserved many of the advantages of TW&R&h as better power

consumption, larger payload capacity, and simpbatroller design.



(b)
Figure 2: (a) EPFL’s Solero; (b) Side view of Soler's structure

Moving one step closer to legged robots, activewadtions further enhance the
mobility of the robots to obtain better performansach as stability and traction. The
redundant actuated DOFs bring the system capabditgptimize certain performance
index such as stability.

Omnidirectional mobility has been also recentlyraduced to uneven terrain
AWRs by MIT [7], as shown in Figure 3 (a). It issilgned based on active split offset
caster (ASOC) wheel modules, which is shown in Feddi(b). The ASOC is a two wheel
caster that each of the wheels is actuated. It svidkle a small differential driven mobile
robot. The passive joints allow it to have roll afav motion. However, there is still no

physical prototype for this AWR design.

() (b)

Figure 3: (a) An ASOC-driven omnidirectional mobilerobot.;
(b) Active split offset caster wheel assembly



@ =
Figure 4: (a) SRR in lower configuration; (b) SRR n hight configuration

Another leg-wheel system from JPL is called Sani#éurn Rover (SRR) [8], as
shown in Figure 4. It has active shoulder jointeath side that can be used to actively
modify the configuration of the wheels to negotittie terrain shape and obtain better

stability. Itis also equipped with a 4 DOF rolecdirm to collect samples.

(b)

Figure 5: (a) Workpartner; (b) leg-wheel structure of Workpartener

Workpartner [2], developed in Helsinki University bechnology, is designed to
be a moveable workstation in the forest. The agtwa frame with four legs is able to
move in walking, hybrid or wheel mode dependingsamface conditions. Its control
fuses sensing of both the vehicle’s states andepgons of the environment which is

accomplished mainly using sensors that measuréthe applied to the wheel. The legs



can be used as probes to map the unevennesspersigss of the terrain where the robot

has passed.

Figure 6: (a) HYLOS; (b)Alduro
University Pierre’s HYLOS (Figure 6 (a)), is simile the Workpartner. It has 16
actively actuated degrees of freedom, including felieeled legs, each one combining a
two DOF suspension mechanism with a steering anérdmwheel. The redundant DOFs
are used to optimize traction [9]. Duisburg Univigfs Alduro (Figure 6 (b)), is also a
hybrid concept which has the feature of spatial fegchanisms with anthropomorphic
properties, consisting of a spherical hip-jointttwihree DOF), a knee-joint (with one

DOF) and a suspended foot [10].

(a) (b)
Figure 7: (a) CMU’s NOMAD; (b) Reconfiguration of NOMAD



Carnegie Mellon University's NOMAD [11], shown inigare 7 (a), uses 4
individual motorized wheels and the steering angfebe wheels on each side are linked
with a 4 bar mechanism so that it could performld@wAckerman steering and expand
the vehicle size, as shown in Figure 7 (b). In otdedistribute the normal forces on the
wheels, NOMAD has two floating bogies. By allowitige side frames to pivot on a

central axle, the wheels can conform to unevemiteand maintain even ground pressure.

(b)

Figure 8: (a) Roller-walker; (b) Roller skating motion

Roller-walker from Tokyo Institute of Technology [l achieves wheeled
locomotion by roller skating with passive wheelbey fitted the TITAN VIII robot with
special foot mechanisms that rotate 90 degreetidage from a sole for walking to a
passive wheel for skating. It was unique as the fgmver the skating with a special gait
mode instead of motorization of the wheels.

Tokyo Institute of Technology recently new desitpg-wheel hybrid quadruped
[13], has two active slide joints between the bsggtem and leg system, which can
move the leg system to the body system. And itdmastwist joint that can twist the body

system. Moreover, it has two passive joints betwberbody system and the leg system.



Load distribution control is realized by a torquewisting joint at the center of the body,

and a forward/backward shift of the body, as showigure 9.

PASSIVE JOINT with LOCK.
ACTIVE SLIDE
JomTx2 MECHANISM X2

2, "
A ACTIVE
e TWIST IOTNT |
ACTIVE WHEEL =4

(a) (b)
Figure 9: (a) leg-wheel hybrid quadruped; (b) mechaism

The most complicated AWRs are recently proposedNA$A — the ATHLETE
rover as shown in Figure 10 (a). It is designedcango handling and manipulation for
the lunar exploration. It has six limbs that arel enith wheels. Each of the limbs has 6
DOFs, as shown in Figure 10 (b). This not onlal#es the robot to have extreme
uneven terrain mobility, the limb can also be uasdmanipulators to do various tasks

such as handling, assembly, maintenance, and seyyi].

(a) (b)
Figure 10: (a) ATHLETE rovers; (b) one limb of ATHLETE



Active AWRs can also be found in indoor applicaioWWada and Asada
constructed a wheelchair equipped with a recondijgom mechanism with ball wheels
[3], the footprint of the wheel chair could be \etriwhile the wheelchair could move
omnidirectionally, as shown in Figure 11(a). A danidesign was proposed by Song and

Byun [15] in which they used omnidirectional whesed,shown in Figure 11(b)

(a) (b)
Figure 11: (a) variable footprint wheelchair; (b) OMR-SOW

1.2 Challenges

While AWRs have shown improved performances ovaditional locomotion
systems, there are many challenges to design antiotsuch systems. The hybrid
system shares features with both wheeled robotdesyuged robots, which can make the
modeling and control difficult.

The first challenge is the modeling of AWRs wherethb holonomic and
nonholonomic constraints present. In most appbeati the wheel of AWRs is
considered as a rigid disk with a single point ohtact with the terrain surface. This
means that the motion of the wheel is restricted naypholonomic constraints. A

constrained system could still move but suffersnfndolating the constraints by slipping



and skidding which usually are main sources of dagnergy consumption and
measurement uncertainty, thus they are undesir&lghermore, multiple leg-wheel

branches introduce holonomic constraints which falosed kinematic loop together
with the chassis and ground. Nonholonomic condBain TWRs have been dealt
extensively and well understood. Muir and NewmaB] [derived the equation of motion

of TWRs using matrix transformation. Campion et dlassified TWRs based on

kinematic models developed using vector approachremmholonomic constraints [17].

Yi and Kim presented modeling of omnidirectionalegled robots with slipping [18].

Fewer efforts have been focusing on AWRs. As thiewdations are added between the
wheels and the chassis, it is not straight forwtardhow how the constraints affect the
motion of the chassis. Grand et al. presented argegeometric vector-based modeling
approach and controlled the locomotion and posseqarately [9]. Tarokh et al. used
transformation derivatives symbolically with coresidtion of wheel slip and discussed
three different kinematic forms — Navigation, Slagnd Actuation — for passive rovers
[19]. Choi et al. construct the kinematic model ngsiscrews and proposed force
distribution algorithm [20].

The second challenge is that the articulations llysosake the system redundant
both in terms of actuation and sensing. In addittbe AWRs usually have more wheels
than necessary DOF. Redundancy increases the kaamaplexity, motion or joint
torques have to be determined. The coordinationvasy important to prevent
slipping/skidding and unnecessary energy consumpti8everal algorithms have been
reported to deal with redundancy, usually followiaginematic modeling framework

that has been mentioned in the previous parag@p2p], [21], and [22].
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1.3 Similarity to Other Robotic Systems

Articulated wheeled robot is essentially similarn@ny other robotic systems.
Besides its parents, wheeled and legged robotg, share several features in common
with cooperative payload transportation, multi #ng manipulation and parallel
manipulators. It is interesting to examine thestigss since this can form the basis for
developing modeling and control. For instance, wharitiple mobile manipulators are
moving a payload, the overall system could be sesea big AWR where the payload is
the chassis and the individual robot modules atieutaited leg-wheel branches. Figure
12(a) shows three planar mobile manipulator moddiesigned in ARM lab [23, 24]
transporting a common payload, each module is obbedr individually such that the
mobile base can form certain formations to obtagtids kinematic performance and
avoid obstacles. On the other hand, the AWRs caselea as multiple small ‘mobile
manipulators’ transporting the chassis. Figuréol8hows a very illustrative example in
Hirose Fukushima Lab, Hirose developed a [25] sydteat consists of one main chassis
(parent unit) and multiple detachable wheel undsild units). Each detachable unit,
consisting of a single manipulator mounted on aekhs called "Uni-Rover". The main
body cannot move by itself, but the Uni-Rovers hibld main chassis by their arms and
act as active wheels of the main body. If it is essary, each Uni-Rover could be
detached from the chassis and move around to undegarate missions by themselves
as child rovers.

These similarities give us a broader view of resgaand we could potentially
apply known theories that are developed for othbpotic systems to AWR development,

and vice versa.

11



(a) (b)
Figure 12: (a) cooperative payload transportationn ARMLAB; (b) SMC rover

1.4 Contributions

Given the breadth and depth of this topic, | waltrict myself to a small suspect
of research and development actively surrounding design and control of the
reconfigurable AWR based on kinematics. In thistenty the contributions of the thesis
include:

A. Development a twist-based general framework forekiatic modeling of the
articulated wheeled robot with consideration of maonomic ground-wheel
interaction.

B. Introduce reconfigurability into planar mobile rab@esign and construction of a
new concept of planar articulated wheeled robot.

C. Identification of control approaches for resolvitige actuation redundancy and
localization approaches for resolving sensing relduaoy of the proposed AWR.

D. Verification of the control and localization botinsimulation and real-time prototype.

12



1.5 Thesis Organization

The following part of the thesis is organized dkfes:

In Chapter 2 we present a brief discussion of tlwstnimportant mathematical
tools that will be used in this thesis. These ideldwist theory, nonholonomic system,
and redundancy resolution.

In Chapter 3 we develop a general kinematic modgdlamework for AWRSs that
will be used in subsequent analysis. Several exasrgule shown to verify the developed
modeling approach.

In Chapter 4 we propose the concept design of maplAWR which consists of
three sets of legs and caster wheels, the kinenmatidel is derived. Two control
algorithms and localization method that enable rif@ot to simultaneously tracking a
path and reconfiguration are discussed.

In Chapter 5 we discuss the development of the mymaimulation routine. This
will verify the control laws developed in Chapter 4

In Chapter 6 we discuss the different test sceadhat were used to evaluate the
performance of the control and localization aldoris developed Chapter 4. We also
simulate different actuation schemes and compareetullt.

In Chapter 7 we discuss the design and construofiphysical prototype robot to
test the validity and feasibility of our controlutine to operate in real-time.

In Chapter 8 we discuss the performance of prowotsgbot in different test

scenarios. Finally, we conclude our work and presenfuture research directions.
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2 Background

In this chapter we present a brief discussion efrtiost important mathematical
tools that are used in this thesis. First, we disdwow to formulate Jacobian matrices for
a nonholonomously constrained mechanical systenadsgmbling twist vectors. This
part build upon the notation and formulation depeld and discussed from Murray, Li
and Sastry [26]. Second, we summarize the bashnigges to resolve redundancy in

robotic system which was introduced in Nakamurasko[27].

2.1 Twist and Wrench

A rigid body can be moved from any one positionatwther by a movement
consisting of rotation about a straight line foledvby translation parallel to that line.
This motion is called screw motion and the infisiteal version of a screw motion is
called a twist. On the other hand, any system afef® acting on a rigid body can also be
represented by a single force applied along a tioambined with a torque about the same
line. Twist and wrench are a geometrical way tocdbe instantaneous velocity of rigid
body motion, which does not suffer from singulastdue to the use of local coordinates

thus greatly simplifies the analysis of mechanisms.

2.1.1 Homogeneous Transformation and Twist Matrix

In the three-dimensional Euclidean sp&I&3), the relative configuration of a
moving framgB relative to a fixed framig} , as depicted in Figure 13, can be defined

in framg{F} by the homogeneous transformation of
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F
= [2.1]
. 1

where'R;, is a3” 3 rotation matrix of framgg with respect to framg} , Fpis a3" 1

position vector from the origin 8 to{F} .

Figure 13: Homogenous transformation

A body-fixed twist matrix corresponding to the nwotiof the moving framied
with respect to its immediately preceding frafif@ as expressed in the moving

frame{ B is given by

F F
-1 i F AS _ WB VB 2.2]
dx 0 0

B : : - o
where v, =[v v, v] is the translational velocity and "W, is a3" 3skew

symmetric matrix that represents the angular vatoof frame{B with respect to
frame{F} expressed §B

0 -wm w
0 -w [2.3]
-w, w0

F WB

1
X
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Then the 6-dimensinal twist vector can be found by

B B

Vo =" LU=y v oy ow ow, w4
whereU is an operator that extract out the velocity vecto
Such a twist matrix can then be transformed to ariytrary frame{ N} by a
similarity transformation
T= NA CFT, NA T 2]

Alternatively, we may write the calculation as

N N 2N
_ R PR s _ B
Vv, = 0 'R, vV, ="Ad, "V, [2.6]

where "R, and “p are the rotational and translational parts of hgemous

transformation™A. . YAd., which is referred to the adjoint transformatiand 6 6
B J

matrix that transforms twist vectors from one cawoatk frame to another. It could be

noted that for the motion of a single one DOF jothe twist vector of this joint can be

parameterized by the only joint rgteas

N N

V, = "t q [2.7]

2.1.2 Twist-assembled Jacobian Matrix

The Jacobian matrix is a linear mapping betweerjdim¢ manipulation rates and
the task velocities and is a function only of tleéj configuration of the mechanism.
There are several ways to formulate this importaatrix. The geometrical approach
based on twists leads to a very natural and exml&scription of the Jacobian, and it is

usually very convenient for sophisticated paratieichanical systems, such as our AWRS.
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In this method, the joint twists corresponding e various joints are first determined
and assembled as columns to form the Jacobianxmitrihis process, first, we find the
homogeneous transformation matrix. Second, we fimel twist vectors and adjoint
transformations with the homogeneous transformatiéimnally, these twist vectors can
then be transformed into a common frame of refereartd linearly assembled into the

Jacobian matrix. For instance, for an N DoF system,

N N N N
Ve = M+ N s T
L ) N [2.8]
- NAdl O\/l + N Adz l\é + + N-1\<
where framg0} is the inertial frame and fra{fi$ { N are successive frames. Since

each twist vector can be parameterized by its j@té and the screw axis, the equation

can be written as

G,
Vo= Ty g ey % g
On
That is
" %, ="Jq [2.10]

where"J is the (body) Jacobian matrix in frarfild} and qis the joint rates vector.

The Jacobian matrix can also be used to describerdhationship between
wrenches applied to the end-effector and jointuesy This relationship is fundamental
for understanding the interaction between robotd #reir environment in terms of
forces. It is actually the duality of wrenches amassts that leads velocity mapping to

force mapping. It can be further derived that

¢ =(NJ)T NE [2.11]
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where ¢ are the joint torques antiF is the wrenches applied at the end-effector

expressed in framgN} .

2.2 Holonomic and Nonholonomic Systems

Mechanical systems can possess both purely holanocoinstraints and
nonholonomic constraints, or a mixture of the twdéolonomic constraints on the
configuration-space of the system can be exprdssidms of algebraic equations which
can be written in the form of:

C(g =0 [2.12]
whereq is the vector of generalized coordinates that riless the configuration of the
system.

Non-holonomic constraints can be expressed witferdiftial relationships only.
Mechanical systems typically contain non-holonoooastraints in the form of:

A(g)g=0 [2.13]
whereA(q) is the constraint matrix and is a function of amlyFor example a rolling
wheel possesses a holonomic constraint in thengpltlirection and a non-holonomic

constraint perpendicular to this.

2.3 Redundancy Resolution

In robotics arena, people are looking for solutidhat are autonomous and
dexterous when dealing with sophisticated enviramsieln order to be autonomous, a
robot usually has many sensors to understand tivatisin around. Sometimes the

number of sensor is more than necessary to idethtéysituation and thus improve the
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reliability or accuracy of measurements by activelging this so called sensing
redundancy.

Dexterity means that the robot has to have the arechl ability to carry out
various tasks in various situations. A robot thas higher degree of freedom than
required is called mechanically redundant. Thisurethncy could be divided into
kinematic and actuation redundancies. In a systétim kinematic redundancy, we are
able to change the internal structure or configonadf the mechanisms without changing
the position and orientation of the end-effectarcan be used to avoid joint limits,
obstacles and singularities. Actuation redundarmycerns the determination of forces
and moments and is found only in closed-link medmas. It can be used to distribute
the load better or minimize the energy consumptionhis thesis, we will be focusing on

kinematic redundancy.

2.3.1 Pseudoinverse

A pseudoinverse of a matriAl R"" is defined as a matrixX = A'T R'"
satisfying the following four equations
AXA= A XAX= X ( A¥ = AX( XA = X
Particularly, if m< nand rank( A = m, then AA" is nonsingular and
A=A (AX)? [2.14]
If m> nandrank(A) = n, then AA" is nonsingular and
A =(AA)'A [2.15]

In addition, | - A*A is symmetric and idempotent.
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The pseudoinverse has wide applications in solwagous types of linear
problems. For a linear equation »f R’
AX=y [2.16]
where Al R""andyl R", if m< nandrank(A = m, the system is underdetermined

and non-unique solutions usually exist. In ordefirid a solution, the general form of the

least-squares solution is given by
x=Ay+(l- AAz [2.17]
where zI R'is an arbitrary vector antis an identity matrix. This solution minimizes

the error nornjy- AX. The solution among that also minimized among all the

solutions provided is
x=Ay=AN(AK) Yy [2.18]
If m>nandrank(A = nin Eqn. 2.16, the system is overdetermined, andllyshas no

solution. The goal then turns to find a solutioattfits ‘best’ to the equation. We use the

least square solution
x=ANy=(AR)* Ay [2.19]

which minimizes the error norify- AX|.

2.3.2 Weighted Pseudoinverse

In many practical applications, the componentsxa@fr y may have different
physical dimensions, for instance, angular veloetd translational velocity. Or the
significance of magnitude can be different, fortamee, a moderate value of torque for a
large motor would have critical meaning to a snmaditor. In these cases, it would be

necessary to evaluate the magnitude of error veamolor the solution vector using
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appropriate weightings. LeH'a”W:\/aTWa represent the weighted norm, where

W1 R'"is a symmetric positive definite matrix, that is

W =W W [2.20]
whereW, T R'" is nonsingular. In order to find solution to miriz@|y- AX|, anq|x||Q,
we transform Eqgn. 2.16 to

PAX=RYy [2.21]
where P,BT R"™ andQ,Q,1 R'", andP,Q, are matrices that satisfy Eqn. 2.20 for
symmetric positive definitd®> and Q. The P -weighted norm solution can be given by

x=Q'A*Ry+Q'(1- A A): 222

A PBAQ' [2.23]

And the minimumQ -weighted norm solution ix=Q;*A* Ry, which is called the

weighted pseudoinverse of A.

2.3.3 Kinematic Redundancy Resolution

Assume a robot has forward kinematics
X1 = i nOhns [2.24]
In resolved motion rate control, we computéoy solving the linear equation for given
andx . If the robot is kinematic redundant, the dimensiof q is larger than the

dimension ok, and the Jacobian matrixhas more columns than rows ¥ m). One

can find infinite number of joint velocities to aetie the same motion..
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Given desired, to find a unique solution for the joints, two gil® schemes are
widely used. The first one is to manually choosmewalue for part of the joints such

that the system is augmented to a fully determsystem.

X
Q.

=J.q [2.25]
It has a clear and explicit form but it is not ajwahat you can find a meaningful way to
assign joint values, in addition, there are singtylassues.

The other more common method is to utilize the posigseudoinverse. People
sometimes find tasks with the order of priorityr kustance, a redundant manipulator is
required to follow a trajectory of the end effectanile avoiding obstacles or kinematic
singularities, trajectory following is usually givest priority and obstacle/singularity
avoidance is given the second. It is reasonabjeettorm the most significant subtasks
preferentially and less important subtasks as nassipossible using remaining DOF.
Apply Egn. 2.16 to Eqgn. 2.18, we could write inveeksnematics

q=J*x+(1- J*J) z [2.26]
This solution enables us to deal with kinematiaurethncy in a more systematic way, as
we can choose a proper structure for the arbitracyor in the second part of the solution.

One common technique is to employ the potentiat@agh where

v

z=(- k—)7 2.27
( ‘ﬂq) [2.27]

wherek is a constant and (q) is a potential function which realizes the effett local
optimization approach. With appropriat€q) selected, certain tasks could be achieved

since Eqn. 2.26 guarantees monotonous decreae pbtential function
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Note that, for nonzerx, Eqn. 2.26 does not necessarily mean the monosodecrease
of V, although the second term of Eqn. 2.26 still tetedseducev . Common potential
function options include functions of distance betw manipulator and obstacles, the
measure of manipulability, and preferred joint esu In addition, the weighted

pseudoinverse can be used to improve the solution.
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3 Kinematic Modeling Framework of AWRs

In this chapter we propose a general frameworkafticulated wheeled robots
based on twist manipulation. As we are focusingA\@vRs, we will not discuss the cases
where the robot has contact points to the grouatighnot on the wheel. To establish the
kinematic model that relates the motion of the tdimdy and the motion of the wheels
and links, we will first define frames of referenm®perly, then find the twists expressed
in a sequence of local frames starting from bodyedi frame. By appropriate
transformation, we can express any twist in onglsiframe and assemble them as the

Jacobian matrix of the robot.

3.1 Basic Approach

A general model of AWR is shown in Figure 14, wdirte an inertial frame of

reference{F}=(Of,X,Y,Z), and at any time, the robot has an instantaneous

frame{ B} =(Q,, b, b, b) attached to its body that moves with the robotere®, is the

point of interest on the robot (it is often convamito choose center of mass, geometric

center of the chassis, or the equipment mountirgitipa as the point of interest,). The

configuration of the main chassis could be defiae[jx y z f gy ]T with respect

to the inertial frame, wherfx y 7' is the position anfif g y |' is the orientation

of the main chassis.
The robot could possemsbranches. Each of them consists of any number of

linkages and ends with one wheel. Each wheel hascoardinate frame

{W} =(Q,, W, w,, w) attached to the wheel axle (for simplicity, we lwieglect the

24



subscript for labeling branch)Q, is the center of the wheel awdlies on the wheel

axle. The dashed line in the figure between thessibaand the wheel represents any set

of links and joints that exists between these twames, including the steering and

suspension mechanism. We defit®, the transformation between body frame and joint
1 frame,j'lAi, ]=1,2, m- 1the transformation between joiptand jointj +1 frame,

™A, the transformation between jomtframe and wheel frame. These transformations

can be expressed easily using D-H parameters.

Figure 14: A general model of AWR, with frame of réerence assigned on chassis
and wheel

In our model, each wheel is assumed to be represddmn a rigid disc with a
single point of contact with the terrain surfaceewheel plane is defined at the center of

the wheel and perpendicular to the wheel axig)( that is, the plane formed by and
w, . A contact plane is defined perpendicular to theel plane at the contact point, as

shown in Figure 15. We will not consider multiplentact points since it is much more
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complicated to analyze the system and in the neplication it is also quite difficult to

sense or estimate the position of multiple conpaatts.

w heel plane

PR E —
T Tl w,
" Sea, Y

contact plane

Figure 15: Model of wheel ground contact,
with frame of reference assigned on wheel and catt point

{C} =(0.,¢, ¢, c)is defined as the contact frame assigned at eackelish

contact point as illustrated in the figure, wherés a unit vector in the wheel plane and

normal to the contact plane at the point of conttett is, a vector pointing to the center

of the wheel.c, =c,” w,, andc, =c,” c,. g is the contact angle defined as the angle

betweerc, andw,, sincec, always lies in the wheel plane. This angle cameasured

using force sensor on the wheel axle or be estondtds one of the most important
factors for AWRs moving on uneven terrain. For AWRsving on flat surface, this
angle is usually a constant and less important. ffdwesformation between the wheel

frame and contact frame is denoted by the homogenteansformation

cosg 0 - sing r sing

w sing 0 cosg -r coyy
= 3.1
& 0o -1 0 0 13-4]

0 0 0 1
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The homogeneous transformation between any twoefsacan be obtained by
matrix multiplication and inversion. For instanc®y, can be written as successive
multiplication of several homogeneous transformeio

BAN:BAbOA m-l)%v [32]

and overall transformation from body frame to oastact frame can be found as

BA:=B/%VWA: 3.3]

We define the velocity of the main body with redptecinertial frame expressed

in body frame as FV, . The velocity of contact frame with respect toriize frame
expressed in contact frame is defined a3/, . In order to find the 6 dimensional twist

vector representing joint velocity in local frame, , one can either write it out

directly (it is usually a simple motion for a siegbint) or compute it by first finding the
twist matrix and extract out the twist vector. Tingst matrix is given by

_ W Vg, [3.4]
0 0
The velocity of contact frame can be obtained bymrsing body twist and all

joint twists in the contact frame

c FVC =CAdBB FVB +CAql BY +CAg2 ly_'_
" w c [3.5]
+ CAdm m-le + CAqN m\(N + WVC
where®Ad, is the adjoint transformation matrix that transfidwist vectors from framie
to framea. Since joint twists can be written as the prodiiatirection and magnitude as

b

CAdb 66 avb 61 atb 6 1q [3.6]

we can rewrite the equation as
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° R, =C°Ad, ~ FV, +Bg 3.7]

C

C
Am
A2 ltAm

whereB= ° A ol © “%. is a twist assembled

matrix andy= g, g.. G, / is avector consists of joint variables through

the chain and the wheel rotational velogity

3.2 Constrained Kinematics

If pure rolling contact condition is assumed tothes at the contact point which

can be represented as
C
ST fw =[o 0 4 (38
whereS is a wrench basis matrix that represents the titre@vhere force can be exerted.

It actually selects the first three rows of thestwwector and restricts the translational

motion at the contact point.

S: I3’3
03'3

For one branch of an AWR, if pure rolling conditimnassumed, we can rewrite

the Eqgn. 3.7 as
ST°Aq C FV =- S Bl [3.9]
or
M, "V, =Jq [3.10]
For all branch of an AWR, we could assemble thekiatics equation from Eqn.

3.10
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M, J 0 0 0 g
M 0J, 00
VA g % iy
0 0 0
M, 0 0 01J q
or
B
M~ Vv, =Jq [3.12]

This kinematic equation is very useful in varioases. First, it provide the model

for kinematic control of an AWR with considering mimhization of the slip since the
contact velocitf FV. has been eliminated from the equation. Seconi @asy to

derive static model from the kinematic model whielates the contact forces act on the
wheel to the torques exerted at the joints anddta other wrenches applied to the robot
(gravitational and disturbance from the mounted imgents). This enables the

optimization for the contact to obtain better parfance on uneven terrains and better

load distribution when the robot is operating & libw speed range.

3.3 Extension to Static Force Mapping

As we have mentioned in the previous chapter, tladity of twists and wrenches
help us to analyze and optimize the static fordengocon a mechanism. This is very
useful for AWRs. However, this is has been reponteskveral papers and it is out of the

scope of this thesis, we will only discuss it dgidiere. If we denote the contact force at
the wheel ground contact point expressed inttheontact frame as, = f,

ix iy iz

where the three components of the vector represaation force, lateral force, and
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normal force respectively. Using Eqn. 2.11 and 3wl could write and the contact force

to joint torque mapping as

t=J"1 (3.13]
Furthermore, the equilibrium equation can be writie
F=MTf [3.14]
wheref, =[ f, f, fn] is all of the contact forces; is the total wrench applied to

the robot. We could see that equation 3.12, 3.18 214 are very similar to the
constraint kinematics, grasp mapping, and joinbrtact force mapping of multi finger
grasp. This reveals the similarity of two differesthemes as we mentioned in the first

chapter.

3.4 Example

In this section, we applied the developed kinematiadeling framework to
several known cases to show the capability of ppr@ach. Planar TWRs can be seen as
the special cases of AWRs which possess none of fesv articulations. Campion
categorized the TWRs into five different types lshsa structural properties using vector
analysis. We will show the same result using oudetiag approach. TWR usually
contains one or several of four types of wheelsctlare fixed, centered orientable, off-
centered orientable, and omni wheels. Figure 1évshtbe frame assignment of a fixed

(centered orientable) wheel.
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Figure 16: Frame assignments for TWR

The homogeneous transformations are:

01, ¢q

S ¢ 0 5 O ¢ 0 -5 Is
ch_% & 018 o, .S 0-6 0 , 5 0 ¢ -rc
A 0 0O 1 O A 01 0 -h' A 0O -1 O 0

0 0O 0 1 0O 0 O 1 0O O 0 1

To find the contact twist

C

FVC :CAdB B FVB +CAqO BV +CAQ,W OM +C Wy

where the twist vectors are

iV, = T, =x vy zfqyT
A ATy
Yy, =t or, =0

", =", =[y 000, q
With the nonholonomic constraint in contact framesidered t is easy to get

[COl So1 0 '(r+ h)%l (HWSM - lo#B YB' F 0
[S5 @ O - (F g - (F Bs,- e~ Y= 0
[0 0 1 -1y I §° Vep = C
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If we only consider the planar motion xg plane, i.e.z=f =g =0, we can further
simplify the constraints to:
[Co1 So1 - IOSl]X+ y=0
[-s1 @ - lc]xe O
wherex=[x y y]T is the chassis velocity in horizontal plane wi#lspect to body

frame.If the wheel is a centered orientable whiel only difference is that

w w T

%, = °, =000 0g¢g O

However, the constraints have the same form

[001 So1 - IOsl]X+ y=0

['501 Cui - |0C1]X: 0

If the wheel is a off centered orientable whe€h, is further replaced by

¢ 0 s Ig
on S 0 -g IS
AN_OlO-h
0O 0 0 1

thus, the constraints become
[Co1 So1 - IOSl]X+ y=0
[Fs1 G -l I]x 1gg O
For a given planar TWR, we could find the kinemsatising the above result. For
instance, if we have a robot with two fixed wheateone off centered caster wheel
which was categorized by Campion as type (2,0)cadd write the kinematic equation

as
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SO r 00 0

@ lc+l, 0L 00/,
ST X+ 001 0 ql =0[3.15]
¢, 1c 0 00O/,

S oS 0 00T /,

¢ Ic 0000
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4 Reconfigurable Omnidirectional Mobile Robot

In this chapter, we will present a new design obitgorobot that can change its
configuration while moving on the floor omnidiremtially, Reconfigurable
Omnidirectional Articulated Mobile Robot (ROAMeR)\ ROAMeR is a planar AWR
where most of the issues of general AWRs existhsag multiple constraints and
redundancy, though the wheel ground contact anglenat be considered since it is a
constant zero. Constraints at contact points pedtie motion of the components of the
system such that the cooperation of the actuason®t straight forward and redundancy
in the system further complicates the control. @aa systematically deal with the

overall effect of all constraints on the motionusing our twist based modeling approach.

4.1 Design

Planar omnidirectional mobile robot has been stlidoe years. Omnidirectional
mobility is usually achieved by using caster wheelSwedish wheels. It overcomes the
disadvantage of the differential driven mobile rblanich cannot move laterally. Caster
wheel also can be seen as the simplest form au#ations where the steer joint and the
offset of the caster is actually a one link linkagé and Kim [18] presented an
omnidirectional robot which has actuation redungafiom 3 powered caster wheels,
also Holmberg and Khatib [28] proposed one withodvered caster wheels. From their
work, we could see that the one link articulatiarually helps to better distribute the
load. However, the mobility of the traditional omdirectional robot is still limited,

because once constructed, the robot doesn’t haegnatic redundancy as the location of
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the wheels is fixed and cannot accommodate unpedpaituations where larger of
smaller configuration are needed.

We have seen reconfigurability in robots movinguoieven terrain. It is desirable
because the capability of changing posture of thmtr could usually provide smoother
motion of the chassis and better stability on chapgterrains. However, the
reconfigurablity is rarely reported on robots desd for flat surfaces. It could be seen
that planar reconfigurable robot is potentiallyfusé&o. For instance, the robot base may
need to be compressed when passing a narrow doamnagxtended to enhance stability
when manipulating heavy objects. Articulations absd compliance/stiffness to the
shape of the robot that could be controlled.

Only a few of the planar reconfigurable robots hasn proposed in the literature.
We have shown two examples proposed by Wada/AsadaSang/Byun in the first
chapter [3, 15]. As many other existing ordinarynicirectional mobile robots, the
existing planar AWR designs were using omni wheelschieve holonomic motion,
which have discontinuous ground contact, poor gdowtearance, or complicated
mechanical design [28]. In this thesis, we will upewered caster wheels for

omnidirectional mobility and adding reconfiguratyilith articulations.

Figure 17: Concept design of ROAMeR
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(a) (b) (c)

Figure 18: Different configuration of proposed ROAMeR robot design.

(a): fully extended; (b) partially contracted; (c): fully contracted; (d): fully extended
in one direction

As shown in Figure 17, a ROAMeR robot has a maidybihat is connected to
three links (legs) by revolute joints, the threarmhes end with caster wheels. The
arrangement of the wheels can be changed by vatlggngngle of the joint that connect
the links and chassis (posture joints). The vehmteains omnidirectional with the caster
wheels. Revolute joints are chosen to vary thengement of the wheels because it is
easier to be implemented than using prismatic gomen building the hardware. The
length of the legs is selected to be close to themkce between the two hip joints such
that the support polygon of the fully extended agunfation of the ROAMeR is
approximately four times large as the fully contealcone, as shown in Figure 18 (a) and
(c). Other configuration can also be obtained bsitpn the legs individually.

The design of this robot is also inspired from tABRM Lab multi robot
cooperative transportation project. ROAMeR borraswesne of the concepts from the
payload transportation scheme shown in Figure 12 (@ ARM Lab payload

transportation, individual mobile manipulator magldlas a differential driven mobile
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base and a 2 link manipulator. At the end of th@imaator, a passive revolute joint is

used to connect to the payload.

Figure 19: Comparison between ARM Lab payload tranportation scheme (left)
and ROAMeR (right).

4.2 Modeling

a,

) /l _61 a
X

T i 9 {a
ry ¥ A

(@) (b)

Figure 20: (a)(b) Frame of references assigned ohd robot for modeling
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To establish the kinematic model of ROAMeR, we vidllow the procedure
proposed in the previous chapter, we first assigmés as shown in Figure 20, as we are

using a symmetric design, we will only show theidron for one branch. The body
attached fram{aB} =(Q,, b, q, h) is put at the center of mass of the main body.
Frame{0} is located at the first revolute joint of the amfation,{1} at the second
revolute joint (caster wheel steerin{;W} at the axle of the wheel (caster wheel driving),
{C} at the contact point. The D-H parameters are shiowiab.1.

Table 1: D-H parameters of ROAMeR

Joint a a

d q
1 posturg{ A} 0 ly 0 %
2 steering{ A} 0 I, 0 g,
3 driving {W} pl2 1, -h qQ,

With D-H parameters, it is easy to obtain the hoemsgpus transformation

matrices between adjoint frames.

C - S OIOQ) C, - S O|1C1
x-S G O0lsy o, _ s ¢ 0 Ls
A‘)_o 0 1 o’A_o 0 1 0

0O 0 0 1 0O 0 0 1

c, 0 s g ¢ 0 -5 75
a9 0 -6 ks ,_§ 0 ¢ -Tg
A 01 O -h’At 0-1 0 0

00 0 1 0 0 O 1

Twist vectors expressed in local frames are found a
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B

E T
Ve =x Yy zfqy

%, =0

1 T
“, =01 00 0g

w

0

\, =000 0-gq 0
‘v, =[y 0005 q
Contact twist expressed in contact frame is
c FVC :CAdB B FVB +CAq 0 B\é +
. w . [4.1]
°Ad OV +°Aq, Y+ "V

Apply the nonholonomic constraint to the systermggtqn. 3.8, we could get

%

Y

Co12 So12 0 S012( r+ W - 01£H' h |0513' llsz Z::

S22 o 0 C012( F+ h) 301£H' h |0C12" IPT I2 f

0 0 1 Ls,,+lsy+tls, -1£y5 leg | 0 g
25012 T IS0t IS0 Loz 165 160 q, [4.2]

Yo

-r -1s, 0 J
=0 '|1C2' |2 - |2 aq
0 0 0 gq,

As the ROAMeR is moving on a flat terrain, only md& motion irxy plane are

considered, we can further simplify the constrafatseach chain to:

/
Corz  Sorz |0512+ I152 _ - r - I152 0
b= G, [4.3]
“S12 G2 |0C12+ IPE" I2 0 - |102' I2 - I2 q
2

whereX, :[xD Yo yb]T is the chassis velocity in horizontal plane widspect to

instantaneous body frame. It is easy to convéntatinertial frame and we will show it in

the control section.
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We can then assemble the overall kinematic equétoon all three branches as

P, X, = Q,0, [4.4]

T

whereq, =/, @, 9./ ,9 »9 o/ § & 4 »and

Célz 5})12 |05112+ |1512

B Sl1)12 (%12 |00112+ IPlz'" I2
P, = Cg;z S512 |203212+ |21522

- So12 (%12 |0012+ le'" I2

Cglz 5(3)12 Ios312+ |1§2

3 3 3
" S (%12 |0012+ IPz'" I2

ro Iss 00 O 00 O
0 I, Igi+l, 0 O 0 00 0
00 O r 0 I 00 O
%650 o0 o l, 1241, 0 0 O
00 O 00 0 r 0 IS
00 O 00 0 0l Ig3+l,
4.3 Control

We have formed the kinematic equations of ROAMeRh@ previous section.
The purpose of this planar AWR design is to en#liderobot to change the arrangement
of its legs while moving around. Thus there are twatrol tasks, the first one is path

following in Cartesian spa¢g, y,y ), and the second one is position regulation in sub
joint spacdq,,,q.,,q5,). The robot has totally 9 joints available but thsk is only 6

dimensional. The robot possesses both kinematiendahcy and actuation redundancy
that needs to be resolved. We will be mainly distwgs kinematic redundancy in this
thesis, although the actuation redundancy will befly covered. The basic control law

we will use is close loop resolved motion rate con{fRMRC). In RMRC, Jacobian
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matrix is used to map the desired velocity in tggéice to the velocity in joint space. And

certain velocity controllers are implemented tekréhe joint velocity signal.

4.3.1 Control Scheme |

In the first control scheme, we will use the augtednkinematics method to
resolve the redundancy, that is, we determine pleed of hip joints explicitly. Once the
desired hip joint velocities are determined, it banused to assist finding the velocities of
other joints. We modify the forward kinematic eqoatobtained in the previous section
into a more convenient form

RX=Qq [4.5]

T

T . ) )
whereX = X VY, Vy G Go1 Gan G =/1 G2/ 29 »/ & s

Célz S})lz |08112+ |1512 |1512 0 0
B %12 C})12 |0C112+ lplz"' I 2 | 915" I 2 0 0
— C512 S(2)12 losiz"' |1522 0 |1322 0
R = 2 2 2 2 '
" So12 CélZ IOClZ+ |P2+ I2 0 l?é" I 2 0
G S lSptls, 0 0 Is
B %?12 C(3)12 Iociz'" Ipsz'" | 2 0 0 I ?35" | 2
-r 0 0 O O O
0O -, 0 0 0 0
0 0 -r 0 0 O
=9 0 o - , 0 0
O 0 O O -r O
0 0 0 0 0 -I

We can see that tlgz. matrix is invertible as long asand are not zero. So the

inverse kinematics is
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X
0 = Q'R

b 4.6
h [4.6]

The task spac¥ can be divided into one paK, =[><b A yb]T dealing with

the trajectory tracking and the other part [q11 G, qgl]T dealing with the posture of

the legs. We could find close loop control law floese two parts separately. For posture
control, we applied a proportional error space b maintain the desired arrangement

of the legs:
hy,=K,(h, -h)+h, [4.7]
wherer, andh are the reference angular position and the sepssition of the hip joints
respectively. For path following task, we also aggoportional error space control law
X, =K, (x - x)+ x [4.8]
wherex, is the reference path that the robot have tofiolodx is the sensed position of

the robot, both in Cartesian space. With propezcsiein ofK, and K, , the convergence

of error /2. - hand x, - x could be guaranteed. Note thatis expressed in inertial frame,
in order to use the inverse kinematic model Eqnvestransformx into body frame by
a rotational matrix

coyy siy O

°R.= -siny cog O
0 0 1

Finally, to find the corresponding wheel steerimgl ariving joint rates. , we

could use
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0. = Q'R [4.9]

whereX , is the desired base motion expressed in body frame
X = PRX, [4.10]
Eqn. 4.9 gives us the desired speed of the othgoisits, and now we have all the
desired joint velocitiesg. and?. Since the constrained system is a close kinertaz,
it possesses actuation redundancy. We could chabssast six (up to nine) joints to
actuate. For each actuated joint, a Pl velocitytrodler will be used to control the joint
rates independently. The form of individual PI cotier is:
t=K@,-9) K, (@4 9) [4.11]
Other forms of velocity control could also be usad;h as PID. We use PI for simplicity.

The overall control scheme is shown in Figure 21.

Desired |
Pose Posture >
+ Control Toint Rob
Desired Velocity [——™ D\'l?'m?ics
trajecoty Trajectory | _ | Velocity S )
— . e
+ k- | Control Mapping

Locolization

Figure 21: Control scheme I, augmented kinematics

4.3.2 Control Scheme lI

The first controller needs designer’s intuitionfiled the proper velocities for a

subset of all joints. It depends on the physicaligie and is not general enough. In the
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second control scheme, we will discuss a more gémeethod that could be potentially
used for other AWRs. As there are two control teesks the path following part has the
first priority, we could use pseudoinverse and po& function techniques to resolve

redundancy. Recall that the kinematic equation is:
PaX, = Qala
We first find desired base motioK, using the same close loop control in

control scheme I. Then, to resolve the kinemaddundancy, we use the following

control scheme
= QP X+ |I- QQ, Z [4.12]

whereQ! = Q,(Q,Q.) " is the pseudoinverse @f, andZ is an arbitrary vector that we
will use for achieve the secondary task — postegulation. In order to maintain the
angles of the hip joints, a potential function tbhatld drive the posture error to zero is
introduced

V=(a,- 60+ (@ @)% (g0 ¢5)° [4.13]
And Z is designed as the negative gradienV of

z=-kNV [4.14]

fig

The particular part of controls the robot to ackiethe primary task, path
following, by mapping the desired base motion tmtjepace. The homogeneous part

now serves to achieve the secondary task, legiposiggulation. The particular part is

minimizing |d,| which means that the control law is trying to agsr the angular

velocity of the joints. It is reasonable to use eaighting matrixW to modify the
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significance of each joint such thfat,|,, is minimized, because the hip joints should be

mainly used for posture, not for locomotion. Wepwse the modified control scheme I
0 =W QIR Xt W - Q Z [4.15]

whereW, is defined foV by Eqn. 2.19Q, = QW' andQ}’ is the pseudoinverse @J,

Finally, we could choose at least 6 joints to beuaed. When the desired joint
rates of all 9 joints are obtained, we use indepathdP| controllers to control actuated

joints. The control diagram is shown in Fig. 5.

Desiredl ~
Pose e :
rO > ¢ Posture .
¢ Control : VJ ?“‘F Robot
i bt gl Velocity _
De_sued , i Dynamics
trajecoty Trajectory Velocity contro
+ k- Control Ma pping
Locolization T

Figure 22: Control scheme Il, pseudoinverse and pential function

4.4 Actuation

We have shown that kinematic redundancy exists eemd be resolved for
ROAMeR in the previous section, and correspondigtjrates could be found for
desired chassis and leg motion using developeditdges. However, the task space is
only six dimensional and only six motors are neassd4o actuate the system, and
maximum three joints could be unactuated. When namteators is used, the system

becomes over actuated and joint torques are noetodgtermined uniquely which is

45



beyond this thesis. However, we could still shoat ttedundant actuation is helpful to
maintain the configuration of the robot when ex#rdisturbance exists, and the load
distribution will be better with redundant actuatisuch that load on individual motor is

reduced. The comparison will be shown in both sahoh and real-time experiments.

4.5 Localization

There are many ways for localization including mrsggnsor, computer vision,
and odometry. We will discuss the odometry methothis thesis. Odometry is usually
convenient for mobile robots because motors argpgd with encoders such that joint
rates are easy to be measured and this informegtialways continuously available in a
relatively high sample rate. It is easy to be immated, but suffers from uncertainties of
wheel-ground interaction and various errors andgewilt is of little use on its own for
long distance dead-reckoning, but it could be uUskfuestimate short distance and it
could be improved if other information is availabks for TWRS, the motion of the
AWR chassis is mainly generated by the rotatiothefwheels, however, unlike TWRs,
motion of articulated linkages also play importaate for the overall motion of the
chassis. Observing robot forward kinematics shawagn. 4.4

PaX, = Qa0
and assuming each joint is installed an encodendasure the joint position and rates, it
is easy to see that ROAMeR possesses sensing aattynéor the computation of the
chassis velocity, since the chassis velocity ised¢hdimensional and the sensor
information is 9 dimensional. The following equatis used for the computation of the

chassis velocity expressed in body frame, as lemguak(P,) =3
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X, =P’Q,q, [4.16]

To obtain the chassis velocity expressed in indraane, we need a rotation matrix

coyy -siyg O
FR,= siny coy O
0 0 1

such that
X, ="R X, [4.17]

The final step is to integrate the Cartesian v&o find the robot chassis position. We

use

X, (t+Dt) =X, () +X, Dt [4.18]

4.6 Determination of the Configuration

Operation
Position

Figure 23: Reconfiguration according to the task ad environment changes

There are many criterions that can be used tometerthe configuration. One of
them is stability. It is well known that the centd#rmass have to be projected into the
supporting polygon for the robot to keep stable nvtignamic effect of the robot is small.

It is also reasonable for the robot to change faps when encounter obstacles,
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reconfiguration would help the robot avoid the abkt while keep the point of interest
on the chassis unaffected. However, they are ouhefscope of this thesis. In the

following chapters, we will use pre-defined referersignals for configuration joints

(hip).
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5 Simulation

In this chapter we will discuss the developmenthef dynamic simulation routine.
It is used to verify the redundancy resolution colst and localization proposed in the
previous chapter. The constrained robot dynamidsuikl into a model and the control
laws are applied. We command the virtual robotaltodv given trajectories and change
configurations. We also test different actuatiohesnes. The simulation is a cheap and
fast way to validate designs. It is easy to comstthe virtual prototype and easy to
modify the parameters of the controller and meatanproperties of the robot. In
simulation, the world is perfect, so the simulatresult could serve as a benchmark for
the later hardware testing. However, the simulatiolh never replace the real world

experiments because of the unmodeled dynamicsracettainties in real life.

5.1 Overall Simulation Routine

Retference Path
and Posture

I

- "1 At Talae 1ty T
> T.‘I.:‘\l-. - ) I\Il]r:l]l.‘ltl.ﬁ. ) }elu.ut_\ . »| Robot Dynamics
Controller Mapping Controller
A

8.4

5 |
o a6

Localization -

Figure 24: Simulation routine
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Figure 24 shows the flow chart of the overall siatin routine. The robot
dynamics block models the constrained dynamicshef ROAMeR and serves as the
virtual robot in the simulation. The states are glaoh and feed into other blocks to
generate necessary joint rates. These blocks iadask control, kinematic mapping,
localization, and velocity control. In the follovgnsections, setups of all the main

subsystem will be introduced.

5.2 Robot Dynamics Block

o6
Groundz
ooy Velosity Divera
Sensor
[ E
=r
" Ground®
S Velocity Diivers
nsoi3

Conshain
Sl

NH ROM Dynamics

Figure 25: Robot dynamics block
The NH ROAMeR Dynamics block represents the nontmiaic constrained
dynamics of the reconfigurable omnidirectional n@hbiobot. The substructure of the
block is shown. To construct this block, first, uilt a virtual model in Solidworks with
the same dimensions and similar inertial properdieshe physical prototype. Then the

Solidworks model was imported to SimMechanics amalverted to rigid body and joint
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blocks. The orange, red, blue, and green rigid dudgks represent chassis, leg, caster,
and wheel respectively. They are connected by plaltievolute joint blocks. Each joint
block is equipped with an actuation port (torqualj a sensing port (joint angle and rate).
The final step was adding velocity constraint b¢kellow) between wheel and ground
such that the motion of the wheel is constraindgk ifiput and output port of the block is
shown in the table. Please refer to the appendigdtails.

Table 2: Input and output ports of Robot dynamics lbock

Port names Dimension Function

hip_ 1 T, hip_2 T, hip_3 T,
caster 1 T, caster 2 T, caster 3 T, scalar
wheel 1 T,wheel 2 T,wheel 3 T,

Input torques to all nine
joints

Disturbance force and
body_disturb 31 torques at the center the
chassis

hip_1 S, hip_ 2 S, hip_3_S,
caster 1 S, caster 2 S, caster 3 S, 2" 1 each
wheel 1 S, wheel 2 S, wheel 3 5,

Output joint angles and rates
of all nine joints

Output position, orientation
body S 6" 1 and speed of the center of the
chassis
Wheel-ground interaction
forces for all three wheels

Constraint F 18" 1

5.3 PI Velocity Control Block

torque

theta Gaint

Figure 26: PI velocity control block

The PI velocity control subsystems are used to g@adorques for individual

joint motorsK; and K jare integral and proportional gains respectivelye Bimensions

of the input and output depend on the number afadet joints.
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5.4 Kinematic Mapping Block

—pofthetat
—pwfthetaz
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Figure 27: Embedded MATLAB function blocks in the kinematic mapping

The kinematic mapping subsystem uses the technigpogsed in the previous

chapter to map the desired velocity into joint egles. Their main blocks are Embedded

(@) (b)

subsystem.
(a): Control scheme I[; (b): Control scheme Il

MATLAB functions in which M-files are written to dmatrix multiplications

5.5 Reference Block
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Figure 28:
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Reference trajectory and leg position dasystem example

52



The reference subsystem is used to generate reéepath for the ROAMeR to
track, and configuration for the legs to maintditser could write their own functions to

define the reference signal of their own interests.

5.6 Disturbance Block

The body disturbance subsystem is used to gendisterbance torques and
forces on chassis. And the measurement noise dacked to add noise on joint velocity

measurement signals.

53



6 Simulation Results

In this chapter we discuss the different test scesdhat were used to evaluate
the performance of the control algorithms develogeat the first control scheme, we
will examine the path following capability and redégurablity with 6 actuators or 9
actuators, comparison will be shown. For the seammtrol scheme, only nine motor
actuation scheme will be tested. At last, the laatibn algorithm will also be examined.
In simulation, the reference path will be given sasaight line, sinusoid, and circle.
Disturbance will also be introduced in some cabégure 29 shows an example of how
the subsystems are connected. Suitable gains lasteskto make the system stable, in all

simulations, the gains of PI controllers #&g=5, K, =0.5. The results will be

compared and discussed in the last section ottapter

T

aaaaaaaaaaaaaaaaaaaaaaaaaaaaa

§%;
v

Figure 29: Simulink diagram of control scheme | wih 9 actuators

6.1 Control scheme I, 6 actuator, no localization

In this section, we use control scheme I, the goihat are actuated are all steering

and driving joints of the caster wheels. The clas® control of the trajectory is using
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the position of the chassis directly sensed froensyystem dynamics. Figure 30 shows the
result of the center of the chassis tracking a stppt of(x, y) =(0.1t,0.1). The initial
position of the chassis is (0, 0) m and the inibiaéntation of the base is 0. The legs are
desired to maintain their initial configuration lffuextended).
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Figure 30: Control scheme I, 6 actuators, result afracking straight line and
maintaining configuration
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Figure 31 shows the result of the center of thessisatracking a step input of
(%, y)=(0.1t,0.1). The initial position of the chassis is (0, 0) nddhe initial orientation

of the base is 0. The configuration of the robotdesired to change in a sinusoid

fashion(t) :%sin(o.z ) starting from fully extended initial configuration
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Figure 31: Control scheme I, 6 actuators, result afracking straight line and
changing configuration
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In Figure 31, (a) is the path following performan¢e) is the hip angle joint

errors, and (c) is the actuated joint input torques
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Figure 32: Control scheme I, 6 actuators, result ofracking straight line and

changing configuration under external disturbance
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In the next simulation, we use the same setup aased in the first one except
that we introduce a constant disturbance forcan@an the center of the robot, and at +y
direction. The magnitude of the force is 5 N, st@rfrom 4s and lasting 1s. In real word,
this force could be caused by the interaction bebmhie manipulator mounted on the
robot and the environment. The result is shown igufe 32, where (a) is the path
following performance, (b) is the hip angle joimtags, and (c) is the actuated joint input

torques.

6.2 Control scheme I, over actuated, no localizatio n

In this section, we use control scheme |, all piate actuated. The close loop
control of the trajectory is still using the positiof the chassis directly sensed from the
system dynamics. Figure 33 shows the robot perfocenainder situation as same as the
one in previous section, straight line tracking,ntaning fully extended configuration

and 5N +y direction external disturbance.
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Hip joints
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Figure 33: Control scheme I, 9 actuators, result afracking straight line and
changing configuration under external disturbance

In Figure 33, (a) is the path following performan¢e) is the hip angle joint
errors, and (c) is the actuated joint input torques

We then show a more sophisticated case. The chasisnmand to track a circle
and the configuration is changing from fully exteddo fully contracted in a sinusoidal

fashion. The circle is described fy, y) = (sin(0.2); cos(0.24 0.., and reference sine

2p

signal for the hip joints is(t):?sin(O.Z). We show the simulation result by the

screen shot of the animation in Figure 34 (a)-{he blue dash line is the actual
trajectory of the chassis, the red solid line is tkference trajectory, the green lines
following the wheels are the paths that the whaealge traveled in the past 3 seconds.

Figure 34 (g) shows the hip joint errors.
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Figure 34: Control scheme I, 9 actuators, result afracking circle and changing

)

g

configuration (1)

The input torques in the period of first 10 secoadsshown in Figure 35 (a), and

the constraint forces at the contact point in #terkl and forward (traction) direction are

plotted in Figure 35 (b).
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Figure 35: Control scheme I, 9 actuators, result ofracking circle and changing
configuration (2)

6.3 Control scheme Il, over actuated, no localizati on

In this section, we show the simulation result afitcol scheme Il (pseudoinverse)
with all joints actuated. The close loop controltioé trajectory is still using the position
of the chassis directly sensed from the system rdig® The first two simulations
compare the result of standard pseudoinverse arghted pseudoinverse techniques. In
both simulations, robot chassis is asked to trackep input of y= 0.1m. The initial
position of the chassis is (0, 0) m and the inibiaéntation of the base is 0. The legs are
desired to maintain their initial configuration l(fuextended). The gain K in vector Z is
fixed at 20. It could be tuned larger if we wantjacker and finer response. Here, we
simply want to show the difference of the two melhoThe weighting matrix we use in

the simulation is

W, 0 0 10 0
W,= 0 W 0 ,W=W=W=01 0 [6.1]
0o 0w, 0 0 025,
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Hip joint errors (rad)

Hip joint errors (rad)

Time (s)

Figure 36: Control égileme I, 9 actuators;
Result of tracking straight line and maintaining canfiguration
(a) standard pseudoinverse; and (b) weighted pseutiwerse
We do not show the chassis convergence here betlaggeare similar to the

results that have been shown. Figure 36 shows ifhgot tracking performance of
standard pseudoinverse (a), and the weighted gnét @ould be seen that the hip joint
angles did not converge to zero due to the motfatassis. We show another simulation
here for further comparison which is in the lagttes of this chapter. Figure 37 shows
the result of the hip joints error using weightegpdoinverse. Initially, the chassis is still
tracking a step input of y= 0.1m at speed of 0.5t after it reached x=0.5, the chassis

is commanded to stop. We could observe a final eqgence of the hip joints to zero

position.
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The hip joint position error is shown in Figure @§. And the screenshots of the
animation are shown in Figure 38 (a)-(f), in whittte blue dash line is the actual
trajectory of the chassis, the red solid line is tkference trajectory, the green lines
following the wheels are the paths that the whbalee traveled in the past 3 seconds. We
will not present the joint torques and constramicés here as they are similar to the

results shown in Figure 35.

6.4 Control scheme Il, over actuated, with localiza tion

In this section we show the result of localizatadgorithms. The control scheme
used in this section is control scheme Il, andrdimt is commanded to follow the same

circular path(x, y) =(0.1t,0.1) and the legs are moving in the same sinusoidaidas
h(t) :%sin(o.z ). All joint rates measurements are disturbed bydblamited white

noises with power 0.002 and sample time 0.04s. imtegyration time interval is 0.04s.
Figure 39 (a) shows the result of localization &iglre 39 (b) shows the sensed velocity

of all joints.
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Joint rates (rad/s)
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Figure 39: Odometry testing

6.5 Discussion of the Results

The results verify that the control methods devetbpn Chapter 4 are capable of
controlling both the locomotion and reconfiguratibehavior of the ROAMeR. Both
control scheme | and Il work well in the tests.

In the first two sections, we showed that the reldum actuation scheme has
better performance than non-redundant actuatiorsugg that the same velocity
controller gains are used, the robot benefits fmweral perspectives. First, it can be
seen that the hip joint error is much smaller whsmg nine actuators compare to the
initial oscillation generated in six actuator sclee(figure 33 and Figure 30). Secondly,
when external disturbance is applied, the robothwiine actuators can resist the
disturbance with less effort and error (Figure 3@l d&igure 32). At last, each joint
requires much less torque to maneuver the robathieve the same motion (Figure 33
and Figure 32). We also showed the torque and @nsvalues in various situations to
validate the design (Figure 35). The torques arelntess than 0.1 Nm which is going to

be used to choose the size of the motors for tlysipdd prototype. The ground reaction
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forces at each contact constraints are less tidnvhich can be easily to be provided by
the wheel-ground friction when the robot weighs entbran 7kg.

In the third section, we first showed that the coinscheme Il has steady state
error if the robot chassis velocity is not zerocdnese the task with first priority will
interfere the task with the second priority. Howg\tke error is not very large and could
be eliminated by the controller when the roboteisting (Figure 36 and Figure 37). This
feature also shows up in the circle tracking sirtiottewhere we could see hip joint errors.

Finally, in the last section, we showed that therodtry could have error when
the joint velocity signals are noisy. However, #ors are reasonable and could be

potentially corrected using other information.
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7 Physical Prototype

In this chapter, we discuss the design and cortgiruof physical prototype robot
to test our modeling, control and navigation aldons in real-time. In the previous
chapter, we have shown that a dynamic simulatian based on the design of the
physical prototype, was used to test and prove viality of the theory that we
developed. However, dynamic models usually do nasiler various factors that present
in the real world. Therefore, proving feasibility our theory in reality with only
simulations is limited.

The complexity and uncertainty of the physical woidre often not fully
represented in the simulation as they are diffitaltmodel. The dynamic plant was
constructed using rigid body dynamics and did raket account for those highly
nonlinear terms. For instance, the joint dampind arotor dynamics are assumed to be
none. There are also disturbance and uncertaithiz@sare not captured in the simulation
model, such as real world wheel-ground contact gntogs.

The other limitation of the simulation is implemation of control algorithms on
hardware. First, the controller must run in realgi Second, hardware usually generate
discretization errors because most sensors anditactuare limited in resolution. In
addition, data transfer between hardware takes &ink result in latency error. Other
common errors are generated from hysteresis aitafatadn.

The physical prototype will help us to determinghié control algorithms could

overcome the combined errors and uncertaintidsamaal world.
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7.1 Concept Prototype

We started the design from making a concept prp&tyt is equipped with RC
servos as joint actuators and an open loop coetralhning in MATLAB sends velocity
command through serial port to Lynxmotion servotoater board which controls the
servos. The hip joints are actuated by standanbsehat accepts position signal and the
other joints are actuated by continuous servosdbegpts velocity signals. With proper

calibration, the concept prototype shows the cdipabio track given path and

reconfiguration at the same time.

Figure 40: Concept prototype in motion ( screenshe)

7.2 Mechanical Design

In this section, we show the mechanical design assembly of the robot. The
parts and assemblies are done using Solidworksnidehanical structure is designed to
support at least 20 Ibs weight with very small defation. The complete assembly is

shown in Figure 41 with two different configuratgon
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Figure 41: Solidworks model of ROAMeR in two different configuration

The assembly start with a 6061-T6 aluminum bask i@ mounting all mechanical and

electrical components as seen in Figure 42

Figure 42: Bottom plate of the chassis

Four aluminum mounting parts are then fixed onglae to connect the legs and upper

part of the chassis, as shown in Figure 43 (a) (b)
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(a)
Figure 43: (a) Shaft mounting part; (b) Shaft mouning parts on the bottom plate

(b)

In order to give the bottom plate more strengthhgbat the plate does not bend when the
robot is loaded, three aluminum L-shapes are adaethe edge of the base triangle
Furthermore, a centered ball wheel is mounted erbtittom side of the plate to prevent
the robot from falling over when the wheel arrangatnrmakes the robot unstable with

only three wheels, the distance between the bakellend point and the plate is

adjustable.

(@)

(b)
Figure 44: (a) L shapes and ball wheels; (b) Asseryb

A central rod is mounted on the upper side of tlatepto support the transparent plastic
upper plate, as shown in Figure 45 (a). The elaatsp which include PC104, power

supply board, MD23 motor controller board, are alletl on the upper plate. A 12V-

72



12Ah battery that powers everything on the rob@l$® put into the space between upper

and lower plate, as shown in Figure 45 (b) .

(@) (b)
Figure 45: (a) Assembly with upper plate and (b) vth electronics

Then we could assemble the leg modules. Each legjsts of two joints connected by an
aluminum tube, as shown in Figure 46 (a) (b). Tdietjis designed to extend the output
shaft of the EMG30 motor with a stronger axle and targer bearings. The detail of the

joint will be introduced later in Figure 52 and applix.

() (b)
Figure 46: (a) Joint assembly and (b) leg assembly
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The last component is the powered caster wheel leo@iarts with a base structure
made from aluminum sheet metal (Figure 47 (a)).nTashaft mounting part (Figure 43

(a)) is fixed on the structure.

(a) (b)

Figure 47 (a) Base structure and (b) with mountingpart on top of it
On two sides of the base structure, we installB& 30 motor and a extend shafts with

the bearing (Figure 48 (a)). The two componentsaneentric.

(a) (b)
Figure 48: (a) Extended shaft with bearing and (bfaster assembly

To complete the caster wheel module, a nylon wiseielstalled on the extended shaft, as
shown in Figure 49 (a) (b). The detail of the castbeel assembly can be found in

Figure 51 and appendix.
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(@) (b)

Figure 49: (a) Nylon wheel and (b) caster wheel amsibly
With every parts ready, we connected the legsécactiassis and the caster wheels to the
legs using set screws on the shafts. Careful tuisingportant to make sure the all of the

axles of the wheels lie in the same plane, as showigure 50 (a), (b)

(a) | (b)
Figure 50 (a) Chassis and legs assembly and (b) coliete assembly

Figure 51 shows the section view of the caster Wagsembly. The wheel is mounted on
a extend shaft consisting two separate parts: ®mennected to the motor output shaft
and the other is supported by the bearing on therctide of the caster. This balanced

design plays an important role for the structutedrgyth of the caster. The concentricity
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of the motor and bearing should be carefully exauino ensure good mechanical

performance.

Shaft extension IT

Figure 51: Section view of caster wheel assembly

Figure 52 shows the section view of the joint addgmrhe joint motors are used to
drive the legs and caster to desired orientatidron§ connections are also necessary.
The motor’s output shaft is connect to a extendedtsvhich goes through two bearings
inside the joint block. A set screw is used to prewslipping. The slot on the joint block
is used to fit leg link.

For additional details on the assembly of the rpbwatluding specific hardware
descriptions, please refer to the appendix. As imeetl in Chapter 5, the Solidworks
model developed with inertial properties are alseduto construct the dynamic model for

the simulation.
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Set screw

Set screw
Bearmgs

Extended Shaft —

Figure 52: Section view of joint assembly

The final version of the prototype is shown in Figb3.

Figure 53: Final version of the prototype
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7.3 Electro-Mechanical Design

In this section, we show the electrical and eleatechanical components for the
control and communication. The interaction betwtdese components is presented in a
flow chart.

Processor

A PC104+ embedded computer is used to do all heghkt processing, control,
and communication onboard the robot. The VersaLdgiRM-CPU-3 module was
selected, which has a 133MHz 32-bit processor dhdtandard PC 1/O capabilities,
including 10/100 Ethernet and RS232 ports.

Motor Controller

We use MD23 Dual 12V 3A H bridge motor drive to ttohthe speed of the
motors. This is a commercial board produced by D®ah [29]. It reads encoders and
stores the count in its registers. It has a 1@dbitress to be recognized through 12C bus.
A programmed microcontroller PIC16F873A is useadtbieve the desired velocities for
two motors. It is not a very good solution for vty control since it tracks the velocity
signal with delay and cannot overcome the hysterefiect of friction. In addition, it
does not work well in the lower range of velociBlease refer to the appendix for more
details.

I2C to RS232 adaptor

In order to establish a adaptation between 12Cusesl by motor controller and
the RS232 serial port on PC104 mainboard, a 12RS832 adaptor from i2cchi.com [30]

is used. It acts as a 12C master and support 45 Kbps baud rate. The core chip on
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the adaptor is BL232 from the same company. Pleafs to the appendix for more
details.

Motors and encoders

The EGM30 is a 12v motor fully equipped with enasdand a 30:1 reduction
gearbox. The resolution of the encoder is 360 cfortoutput shaft turn. It also includes
a standard noise suppression capacitor acrossdte mindings [31].

Power supply

A 12V-12Ah battery that powers everything on théatbthrough a 50 Watt

PC/104 DC/DC Power Supply from Diamondsystems.

Etl t
Remote PC |«g-.----- ! erne...’ PC104
Procsessor
t Serial Communication
12C to RS232
Adaptor
12C Communication l
® ® SDA

Lo I

5 two channel motor controllers
MD?23 MD23
Motor e o @ Motor
Controller Controller
Enocder Enocder Enocder Enocder
& & e o 0 & &
Motor Motor Motor Motor

9 joint motors

Figure 54: Control hardware configuration
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The flow chart, as shown in Figure 54, shows hosvdlectromechanical devices
interact to control the ROAMeR. The PC104 assertiidedesired motor speeds and 12C
device addresses into several ASCIl commands, wdnelthen sent through serial port
and then adapted to 12C bus. The speed valuesratenninto the registers of the motor
controller boards. The controllers then adjust¢bheent properly trying to achieve the
speeds. Encoders are read by the motor contratlardb as well as other information
such as voltage and current through the motor. & hesasurements are sent back to the
PC104. Communication between the ROAMeR and anplpenal PC is accomplished
by the Ethernet. This allows multiple mobile roB§104 computers to be networked and
allows data to be send/received from remote wotkstd®Cs. The PC104 also supports
all standard input/output devices that would bentbwn a normal PCs. These include

keyboard, mouse, monitor, RS232, hard drives, asiddfives.

7.4 Software Design

The PC104 uses the embedded real-time workshop ATLMB/Simulink to
control the physical prototype. This give us thpatality of representing the control in a
block diagram form, such that the program can kmlyeanodified, compiled into an
executable, and uploaded to the target PC104sdt allows for easy data transfer and
logging between the host PC and the target PC1Qhatqerformance can be assessed
for analysis and comparison. Figure 55 shows aesgmtative block diagram of the
control software.

At each time step the current state of the systefound by reading the encoder
values and applied to the kinematic mapping ancrelis time close loop controller. The

RMRC finds the joint velocities and send them te thotor controller board. Due to the
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speed of serial to 12C adaptation is not fast,s@pling rate of the control software is
25Hz. Low pass discrete filter and numerical ddfaration are used to get smoother

state signals.

Hardware
Reference |r---wemeeemeeene- :
l Y
Filter
Trajectory Kinematic Send speed ,
Controller mapping > Read encoder

> _‘ Differentiation

Localization

Figure 55: Control software routine of ROAMeR

7.5 Motion Tracking System

In some of the experiments, we utilized 3D moticacking system from Simi
Motion [32]. The setup is shown in Figure 56.

It consists of two sets of camera and lights (tmedtone is optional for 3D
tracking), multiple marks and a work station thatlects synchronized video streams
through firewires and post processes the data. A easibrated system could provide
tracking error that is smaller than 1cm. The tragkiesult will serve as a ground truth of

the robot position and compare with the computezhuetry.
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Figure 56: Motion tracking system setup
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8 Experiment Results

In this chapter we discuss the different test scesdhat were used to evaluate
the performance of the control algorithms develofgdwe experiments were done on the
physical prototype ROAMeR. Odometry is the onlydlaation algorithm implemented
to close the control loop. No other position infation is used. The reference signals are
similar to those that have been simulated in thevipus section. Benefit from the
simulation, the controllers can be directly copiet prototype control loops with small
modifications. For both controllers, all nine ma&tare actuated. The makers that are

shown in the screenshots are labeled in Figure 57.

Figure 57: Marks used in the experiments

8.1 Control scheme I, over actuated,

In this section, we show the results of controlesob I. The close loop gain for is

selected to b¢0.5,0.5,1 for (x,yy ) , and 1 forg, respectively. First, the robot is

commanded to follow a pafk, y,y ) = (0.0&,0.3,0 to (3, 0.3, 0). The initial condition

of the chassis is (0, 0, 0). The legs are desicedhaintain the initial fully extended
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configurationg, =0. Figure 58 shows the screenshots of the experiméigure 59

shows the recorded data of the chassis positiprjphit value, and joint rates.

Figure 58: Control scheme |. Screenshots of trackgny=0.3, and maintaining initial

configuration
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Figure 59: Control scheme I. Tracking ;(/(::)0.3, and miataining initial configuration
(a): Path following; (b): hip joint tracking; (c): measured joint rates (filtered)
Secondly, we show the case which shows the capabiiithe robot to handle
disturbance. This disturbance comes from the uaiceyt of the ground. It causes slight
rotation of the hip joints and leads to the motaincaster wheels to correct it. In this
experiment, the robot is commanded to traclk,y ) = (0.0&,0,0 to (3, 0, 0), and the

configuration has to be maintained. The robot stémm (0, 0, 0), that is, on the

reference line. Figure 60 and Figure 61 shows ¢theesishots and recorded data.

10s 11s
Figure 60: Control scheme |. Screenshots of trackgny=0, and maintaining initial
configuration

85



0.1

I I
Odometry
[0 e T Ee i e

P e Reference ||
| | |

-0.05F — -~

Y Trajectory (m)
o
o

4
:

N B

|

|

:

|

L N1
.
[
"
]
l
[
F
I
[]
[
H
.
-
[ ]
I
.
[
»

{
[
[ ]
.
H
"
l:

|
|
|

Hip joints error (rad)

% T T T T T T
g | | | | | |
3 I | ] | | ]
= | | | | | |
< - B T S - —=-=--
Is | | | | |
= -
2 | | | | |
. | | | |
g T e ok
& "F + | | - og 2
L CLELM LS ALLTEE CTEELT TIIED I I log5
2 1 1 1 1 ‘
© 20 25 30 35 40 45
Time (s)
()

Figure 61: Control scheme I. Tracking y=0, and maitaining initial configuration
(a): Path following; (b): hip joint tracking; (c) steer joint angles

Finally, simultaneously locomotion and reconfigizatare shown below. The
robot is commanded to follow a pdthy,y )= (0.0&,0.3,0 to (3, 0.3, 0), the initial
condition of the chassis is (0, 0, 0). The legsdesired to change from the initial fully
extended configuration to an almost fully comprdssenfiguration where hip joint
reference signals agg = 0.1 rad until reacheg, =2rad. Results are shown in Figure
62, the green triangle shows the configurationhef wheel arrangement. Note that the

visual dimension of the configuration in the figuseaffected by the perspective.
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Figure 62: Control scheme I. Screenshots of trackmmy=0.3, and changing
configuration
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Figure 63: Control scheme I. Tracking y=0.3, and canging configuration
(a): Path following; (b): hip joint tracking;
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8.2 Control scheme Il, over actuated

In this section, we show the experiment resultsiihg control scheme Il. The
gain K in potential function Eqn. 4.14 is chosem&ol10 in all experiments. And the close

loop gain for path following is selected to (05, 0.5,1 for(x, y,y/ ) respectively. In the
first experiment, the robot is commanded to follavpath(x,y,y )= (0.0&,0.3,0
until (3,0.3,0), and the initial condition of the chassi¢dg0,0). The legs are desired to

maintain the initial fully extended configuratiorhereg, =0 rad.

Os 1s 2s 3s
4s 5s 9s 40s
Figure 64: Control scheme Il. Screenshots of trackig y=0.3, and maintaining
configuration

= Odometry
= === Reference

Y Trajectory (m)

X Trajectory (m)

(@)

88



0.6 T T T I I I I i
— | | | | | | | — o 1
] 0.4*"**#****\****r***#***ﬂ****r***ﬂ**** 9
= n I I I I I I I = g 2

[ |- — 1 B [ [}
3 ~ | | | —|eg 3
% "o i :
> —— r— e Pl
n | |
IS e
o | | | | |
o | | | | |
1 1 1

Time (s)

Figure 65: Control scheme II. Tl’aCkiI(‘lk;) y=0.3, and mintaining configuration
(a): Path following; (b): hip joint tracking;

Secondly, we show the case which shows the capalwfi simultaneously
locomotion and reconfiguration. The robot is comdeh to follow a path
(X, ¥y )=(0.08,0.3,0 until(3,0.3,0. The initial condition of the chassis is (0, 0, 0)
The legs are desired to change from the initidly/faktended configuration to an almost

fully compressed configuration where hip joint refece signals agg, = 0.1 . Figure 66

shows the recorded data of the chassis positi@hhgnjoint value.
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Figure 66: Control scheme Il. Tracking y=0.3, and banging configuration
(a): Path following; (b): hip joint tracking;
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Furthermore, a position regulation and reconfigaraeéxperiment result is shown.
The robot is commanded to go to point (0, 0.3t initial condition of the chassis is (O,
0, 0). The legs are desired to change from thairfillly extended configuration to an
almost fully compressed configuration where himfjoeference signals age= 0.1 . The
screenshots are shown in Figure 67. You can seechidege of the size of the
configuration triangle better in this experimeranhn the Figure 62 as the distance from

the robot to the camera remains the same in theeseq of screenshots.

Os 4s 8s
12s 16s 20s
Figure 67: Control scheme II. Screenshots of desideposition (0,0.3), and changing
configuration

Figure 68 shows the recorded data of the chassiigog and hip joint value
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Figure 68: Control scheme II. Desired position (0,3), and changing configuration
(a): Path following; (b): hip joint tracking;
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At Last, we show the result of avoiding obstaclesingg ROAMeR'’s
reconfigurability. We placed an obstacle between ghart point and goal such that it
narrows the path way. The robot is able to change $maller configuration to navigate
through the path and go back to fully extended igom&tion. However, we did not code
any path planning algorithm; instead, we assignededefined path and reconfiguration
reference signal for the robot to track. FiguresB®ws the screenshots of the experiment

and Figure 70 shows the plot of recorded data.

Os 5s 10s 15s

20s 25s 30s 40s
Figure 69: Capability of navigating through narrow pathway.
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(b)
Figure 70: Capability of navigating through narrow pathway |l

8.3 Odometry test using motion tracking

In this section, we test the performance of thenoetoy. In the first experiment,
the robot is commanded to track a straight line a6 the legs are moving in a function

g, =0.1. The named initial values of the hip joints altearo, but they are actually not

accurate. We measured the angles from the motipiuieavideo and find that the initial

value of the first hip joint is actuallg,, = -4degand the third hip joint iy, =5deg.

This initial error causes the accumulated odometrgr shown in Figure 71 (b). Figure

71 (a) shows the motion tracking result.

(@)
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Figure 71: Odometry test with motion tracking systen, with initial configuration
error

The traces in the figure are traces of the markecanter of the chassis and all
caster joints. The stick diagram is also shownhm figure. In the first experiment, the
robot is commanded to track a straight line y=0 d@hd legs are moving in a
functiong, =0.1. Then we again measured the angles using motawkig software
and we found that each hip joints are actually velgse to zero at the beginning
(< £1deg), this gives us good odometry result where thersrare caused only by noises.,

as shown in Figure 72 (b). The traces of the mavketcenter of the chassis and all caster

joints, and the stick diagram are shown in the B2 (a).

(@)
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Figure 72: Odometry test with motion tracking systen, without initial configuration
error

8.4 Discussion of the Results

The results verify that the control methods devetbm Chapter 4 are capable of
controlling both the locomotion and reconfiguratibahavior of the ROAMeR in the
REAL WORLD. Both control schemes work well in thests. Several observations are
made out of the experiments.

In all experiments, despite of the fact that thieotocompleted every given task,
there are large oscillations due to the qualitjooft velocity controllers. The localization
approach based on odometry gave reasonable estimati the robot position and
orientation if the robot is positioned well inilial that is, every hip and caster joint
should be very close to zero, the final positioroef the robot is about 0.05m on
position direction, and 0.1 rad on orientation. Heer, they were not very accurate due
to many factors. Many of them can be minimized Isyng better electro-mechanical
components. If there is initial joint error, theddization error will accumulate during the
motion.

Despite the inaccuracy of the odometry, we coulrty see the features of the

two control schemes that have been shown in thelatimn and features that were not
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shown. In Figure 65 and Figure 66, we showed tiatcontrol scheme Il has steady
state error if the robot chassis velocity is nabzas we have noticed in the simulation.
And the error is eliminated by the controller wtika robot reaches the destination.

The uncertainty of the physical world was showifrigure 61. As the robot starts
on the line and the ‘front’ leg (which is extendeddirection of X axis) and caster wheel
has already lied on the line initially, we wouldpext they will not change. However, we
could see that the front leg and caster startsteatfightly at about 7s due to the
unevenness of the floor and delay in velocity calfeér, and the front caster finally flip
over to the ‘backward’ position (Figure 61 (c)) lvilarge oscillations at hip joints and
steer joint 1.

We could also notice that the control scheme llaas oscillations on both path
tracking and leg configuration regulation, but therere leg tracking errors that can not
be eliminated even if the robot stops moving. Gndther hand, the control scheme Il is

less stable but has better performance on legiposggulation.
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9 Conclusion and Future Work

9.1 Summery

In Chapter 1 we reviewed the development of aritmd wheel robots and
motivated the need for a kinematic modeling fran@kwand controllers. Articulated
wheeled robots have considerable benefits by vid@etheir reconfigurability and
redundancy — but these needs to be unlocked bfutamedeling, analysis and control.

In Chapter 2 we presented a brief discussion oftbet important mathematical
tools that were used in this thesis. These includedeling of non-holonomic systems,
twist based Jacobian formation, and redundancyu&si approaches using augmented
kinematics and pseudoinverse.

In Chapters 3 we developed the kinematic modeliaghé work using twist and
homogeneous transformations. This framework is siesyatic approach for modeling
any AWRs and can be implemented symbolically. Apanexample was shown to
validate the framework.

In Chapter 4 we proposed a new AWR design, Recordlge Omnidirectional
Mobile robot. We used our developed modeling fraomwo establish the kinematic
equations of the robot, and the construction amdamd cons of two types of kinematic
controllers that can simultaneously control theotshlocomotion and reconfiguration are
discussed. The augmented kinematics method is margive but not general for any
given AWR kinematics while the pseudoinverse metisodystematic but will result in
steady state error on configuration regulation whamot is moving. Then, we briefly

introduced a localization algorithm that would s=d in the real time experiment.
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In Chapter 5 we showed the development of the alippuototype and the dynamic
simulation routine in MATLAB. This allowed us to ny the simultaneous locomotion
and reconfiguration controllers developed in Chapte

In Chapter 6 we discussed the different test seemdnat were used to evaluate
the performance of the control algorithms. We saat both control schemes are capable
of path following and configuration regulation. Thactuation scheme was not
mathematically discussed in the previous chaptersigeful observations are made from
simulation that redundant actuation helps the raobsist external disturbance better and
reduce the size of the motors. The localizatiorortigm was also validated in the
simulation.

In Chapter 7 we discussed the electrical and mechlatomponents that
assembled the physical prototype of the ROAMeR. piwotype allowed us to verify
the simultaneous locomotion and reconfiguratiom@algms in real time.

In Chapter 8 we discussed the experiment resultg weveloped prototype robot
and control algorithms. We saw that both condatiemes are capable of path following
and configuration regulation in real time, howewde performance could be improved
by using better hardware. The localization algonitbave reasonable performance but
was not very accurate which implies that other rimfation is needed to improve the

performance

9.2 Future Work

The future work includes:

Improving hardware
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There are several problems found in the experimestag current physical
prototype. First, the velocity control board isteap version that does not provide good
performance while tracking changing velocity sign@elay) and small velocity signals
(hysteresis). Second, the communication betweem roaip controller and the motor
controller is too slow. The sampling time is 0.0dn&l most of the iteration was used for
sending and receiving data. If we want to implenmante sophisticated algorithms, the
efficiency of the communication should be improv&tde mechanical design should also
be changed, because the hip and caster joint asdlyisvorking at very low speed, extra
gears are helpful to make the joint motors workaaspeed range that has better
performance. More complex design of the casteh siscthe caster used in [28] or Active
split offset caster wheel, could also improve teggrmance

Dynamic control algorithms

Although we verified that our kinematic controllisr capable of locomotion an
reconfiguration, it does not work perfectly. Whebot is moving faster and the dynamic
term comes into play, the current controller wiitrbe sufficient. We will extend our
kinematic modeling frame work into dynamic modeliagd develop dynamic control
algorithms for the robot.

Reconfiguration and path planning

In this thesis, we only showed that the ROAMeRb to track predefined path
and configuration signal. We will then develop plang algorithms based on the position
of the obstacles and the requirement of the tasks.

3D AWRs
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Our final goal is to apply our modeling, controldalocalization approaches to

build AWRSs that could move on uneven terrain.
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Appendix

1 Simulation

1.1 Parameters used in the simulation

Table 3: Simulation parameters

Parameter Value Unit Description
m, 3.5835 kg Mass of the chassis
m 0.68593 kg Mass of the leg
m, 0.2464 kg Mass of the caster
m, 0.21891 kg Mass of the wheel
I, 0.020413 kg.m”2 | Inertia of the chassis
l, 0.010695 kg.m”2 | Inertia of the leg
I, 0.00046408 kg.m”2 | Inertia of the caster
I, 0.00029907 kg.m”2 | Inertia of the wheel
o 0.1524 m Distance from center of chassis to hiptjoi
l, 0.254 m Length of the leg
l, 0.05 m Length of the caster
r 0.05 m Wheel radius

1.2 Construction of velocity constraints in simulat

ion

The Velocity Driver block drives a linear combirmati of the projected

translational and angular velocities of two Bodiest v, v. be the two body velocity

vectors andw, w. be the two body angular velocity vectors. logt c. d, d. be

constant vectors. The subscripts B and F referatbdnd follower bodies. The velocity

driver block specifies the linear combination (Tdet means element wise multiplication)

W=c, %3 ; w; e w & wx  tWO0)= f(H
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In order to construct the constraint dynamics efribbot, we constrain the wheel motion

using velocity driver block.

Figure 73: Modeling disk wheel rolling on flat surface

The velocity of the point that is making contactiwthe ground is (expressed in inertial

frame)
VA:VC+W (rA' rc)z 0
Or
V,, W, 0
v, +w, " 0 =0
Y} w. -r

cz z

It can be rewritten into two velocity driver equats:

V,, 1 W, 0 - 0 w, r
Vo - O+ w, - -1r=0,vr ¥ w, & C
0 w 0 0 w 0

<l
N
N
o
N
N
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The dot in the equations means element wise mighifpbn. Two velocity drivers are
used to connect the wheel to the ground, and thesttr motion is constrained to be in a

plane using a planar joint block as shown in thie¥ang figure.

(@)

(b)

Figure 74: SimMechanics diagram of constructing whel ground constraints
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2 Mechanical Drawings

This section includes the mechanical drawings fidha parts needed to construct
the physical prototype and assembly diagrams. Tte snodels and drawings were

created using Solidworks.

2.1 Drawings of single parts

We first show the drawings of bottom plate, toptg@lgoint block, joint shaft
mount, wheel bearing block, joint shaft, wheel sleatensions, joint motor mount, wheel

shaft mount, strengthen L-shape, and center rods.
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2.2 Assemblies

The following is a description of the hardware tlsahecessary to assemble each
component of the robot.
Robot Chassis Assembly

Table 4: Robot chassis assembly instruction

Number Description Detail
1 Shaft mounting base and strengthen bar bolts  410-2
2 Center ball wheel
3 Lower center rod See drawing
4 Shaft mounting set screw 8-32
5 Upper center rod See drawing
6 Top plate bolt 10-24

Figure 75: Robot chassis assembly instruction
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Caster Wheel Assembly

Table 5: Caster wheel assembly instruction

Number Description Detail
1 Joint shaft mounting base bolts 10-24
2 Joint shaft mounting set screw 8-32
3 Wheel shaft extension 1 See drawing
4 Wheel bearing mounting base bolts8-32
5 Retaining rings diameter: 0.5" shaft; 0.468"@re
6 Wheel bearing 0.5x1.125x0.25 — double sealed
7 Shaft mounting set screw 6-32
8 Wheel shaft extension 2 See drawing
9 Motor mounting bolts M3
10 Locking nuts 10-24

Figure 76: Caster wheel assembly instruction
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Joint Assembly

Table 6: Joint assembly instruction

Number Description Detail
1 Adapter plate bolts 8-32
2 Motor mounting bolts M3 flat cap
3 Bearing 0.5x1.125x0.25 — double sealed
4 Leg tube set screw 10-24
5 Shaft mounting set screw 6-32
6 Joint shaft mounting set screw | 8-32
7 Retaining ring diameter: 0.5" shaft; 0.468" greo
8 Bearing 0.5x1.125x0.25 — double sealed
9 EMG30 motor See specification

Figure 77: Caster wheel assembly instruction
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3 Electronics

3.1 For Loop I2C Communication Block

Figure 78: 12C communication block

The For Loop 12C Communication block is constructeml enable the
communication between PC104 main board and [2C-B&ptor. The main components
of this subsystem are RS232 Synchronized SendMRetdock and for iterator block.
The first one use predefined structure for sendingdj receiving data through RS232 port
on PC104 board, while the later one creates aofn tepeating the subsystem for certain
times. This block is also featuring the followingnttions: converting motor speed
commands in double format with unit of rad/s intgtds; converting encoder reading
from counts into angle value with unit of rad; asbéng 9 incoming encoder readings
into a 9x1 vector. The input and output port of thleck is shown in the table. The

initialization code is also listed here.
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clear;

clc;

%% initialize RS232 communication

RS232 12C_Communication.SendData = 'SB%d0%d%XSB%d0%dR04'
%S BO00190P SBO06 R04 P

RS232_12C_Communication.InputPorts = [1 2 3 4 5];

RS232 12C_Communication.OutputPorts = 1;
RS232_12C_Communication.RecData = '%8X\n"

RS232 12C_Communication.Timeout = 0.01,
RS232_12C_Communication.EOM = 1,

RS232_Initialization.SendData =
'SB01020PSB21020PSB41020PSB61020PSB81020P" ;
RS232_Termination.SendData= 'SB00080SB00180SB20080SB20180SB4
0080SB40180SB60080SB60180SB80080SB80180P" ;

Rad2Byte = 6.4;
Byte2Rad = pi/180;
Saturation = [4 4 4 pi pi pi 2*pi 2*pi 2*pi];

%% initialize joint-controller mapping
Joint_Addrs=[6 028460 2 8];
Joint_Chnls=[000001111];
Joint_Encds=[22222666 6],
Joint_Revrs=[-1-1-1-1-11-1-1-1];
Joint_Offsets=uint16(128*[1 1111111 1)),

%% initialize robot dimension
r=0.05; 12=0.05; 11=0.25; 10=0.1524;
robot_para=[r 12 11 10];

3.2 EMG30 Motor Specification

We used EMG30 motor to actuate every joint of tbbot. They are from

Devantech differential driven module.
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Figure 79: EMG30 motor dimension

Table 7: EMG30 motor specification data

Rated voltage 12v
Rated torque 1.5kg/cm
Rated speed 170rpm
Rated current 530mA
No load speed 216
No load current 150mA
Stall Current 2.5A
Rated outpu 4.22WN

3.3 MD23 Control Board Test

The connections of the MD23 are shown in Figurel83. designed to operate in
a standard 12C bus system on addresses from OxBIXB& (last bit of address is
read/write bit, so even numbers only). The buildunctions of this controller include
[29]:

Automatic Speed regulation

By using feedback from the encoders the MD23 ig abldynamically increase
power as required. If the required speed is natdeichieved, the MD23 will increase
power to the motors until it reaches the desirée oa the motors reach there maximum

output. Speed regulation can be turned off in ttrarmand register.
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Automatic Motor Timeout

The MD23 will automatically stop the motors if theis no 12C communications

within 2 seconds. This is to prevent your robotring wild if the controller fails. The

feature can be turned off, if not required.

Figure 80: Connections of MD23

The MD23 has 17 registers numbered 0 to 16 asvisllo

Table 8: MD23 registers

le)

le)

Register Name Read/Write Description

0 Speedl R/W Motorl speed

1 Speed?2 R/W Motor2 speed

5 Encla Read only Encoder 1 position, 1st byte (highest by
and capture count when read

3 Enclb Read only Encoder 1 position, 2nd byte

4 Enclc Read only Encoder 1 position, 3nd byte

5 Encld Read only Encoder 1 position, 4th (lowgst)h

6 Enc2a Read only Encoder 2 position, 1st byte (highest by
and capture count when read

7 Enc2b Read only Encoder 2 position, 2nd byte

8 Enc2c Read only Encoder2 position, 3nd byte
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9 Enc2d Read only Encoder 2 position, 4th (lowgst)h

10 Battery volts Read only The supply battery \gsta

11 Motor 1 current Read only The current throughana

12 Motor 2 current Read only The current throughana

13 Software Revision| Read only Software Revisiomidar

14 Acceleration rate R/W Optional Acceleration sty

15 Mode R/W Mode of operation

16 Command R/W Used for reset of encoder counts and
module address changes

We then show the performance of the MD23 controligren controlling the wheel

rotation and caster steering.
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Figure 81:

Response of step input to wheel
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Figure 82: Response of sinusoidal input to wheel
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Figure 83: Response of sinusoidal input to castetering joint
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