ABSTRACT

EDWIN, LIONEL ERNEST. Transforming RovingRolling Explorer (TRREX) for Planetary
Exploration (Underthe direction oDr. AndreP. Mazzoleni.)

All planetary surface exploration missions thus far have employed traditional rovers with a
rockerbogiesuspension. These rovers can navigate moderately rough and flat terrain, but are
not designed to traverse rugged terrain with steep slopes. The fact is, howeverartiiat
scientifically interesting missions require exploration platforms with capabilifoes
navigating such types of chaotic terrain. This issue motivates the development of new kinds of
rovers that take advantage of the latest advances in robotic technologies to traverse rugged
terrain efficiently. This dissertation proposes and analysesooh rover concept called the
Transforming Rovingdrolling Explorer (TRREx)hat is principally aimed at addressing the

above issue.

Biologically inspired by the way the armadillo curls up into a ball when threatened, and the
way the golden wheel spidases the dynamic advantages of a sphere to roll down hills when
escaping danger, thvel TRREX rover can traverse like a traditionalvBeeled rover over
conventional terrain, but can also transform itself into a sphere, when necessary, to travel down
steep inclhes, or navigate rough terraifhis work presentghe proposediesign architecture

and capabilitiegollowed bythe development of mathematical models and experiments that

facilitate the mobility analysisof the TRREXin the rolling mode.

The ability of the rover to selpropel in therolling modein the absence of a negative gradient
increases its versatility and concept value. Therefore, a dynamic model of a planar version of

the problem isfirst used to investigate the feasibility and value soich seHpropelled



locomotion- 6 act uat e@onstruotibnl andchtgsting of a prototype Planar/Cylindrical

TRREX that is capable of demonstrating actuated rokimgesentedard the results from the
planardynamic model are experimentally validat@this planar modeis thenbuilt upon to

develop anathematical model of the spherid@REXxin the rolling modei.e. whenthe rover

is a sphere and can steer itself through actuations that shift its center of mass to achieve the
desired dection of rol. Case studies that demonstrate the capabilities of the rover in rolling
mode and parametric analyses that i1 nvestiga

design are presented.

This work highlightsthe contribution of the spherical rolling mottethe enhanced mobility

of the TRREX rover and how it could enable challenging surface exploration missions in the
future.lt represents an important step toward developing a rover capable of traversing a variety
of terrains that are impassible by thereat fleet of rover designs, and thus has the potential

to revolutionize planetary surface exploration.
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Chapter 1

Introduction and Review of

Literature

The heavens have fascinatagimarkind for centuriesbut it wasnot until the middle of the

20" centurywhen rapid advancesn computing and aerospace technolofijyally made it
possiblefor mantoma k e t h e and veaturebut imtcespgeeasince themumerous

space exploration missions have been undertaken and a wealth of knowledge has been
generatedhelping answer some of the most profound questiabsut the cosmasThis
dissertatiorcontributes tdfurtheling robotic space exploration technology by proposing

analyzinga new kind otransforming planetargurfaceexploration rover

1.1 Motivation

For the last half a century there has been growing interése exploration of extrgerrestrial

habitats in our solasystem, particularly of our closest neighbor, Mars. The scientific goals
that drive these various missions are diverse but the underlying theme is to search for evidence
of past or present Bf and assess the potential to harbor future humafi]if®©ver the past

decades, precursor missions have been using robotic exploration platforms to survey the



extraterrestrial environment and gather critical das tould serve in the design of future

manned missions.

Although there have been a wide variety of vehicle architectures proposed in the literature for

use in such precursor missions, all surface exploration platforms sent to Mars thus far have
used tradibnal wheeled locomotion coupled with a particular passive suspension architecture

cal | ed tbhoegifer oscuRepte ntshh @ nldbat est addition to t|
rover[4]. While this configuration is energy efficient and less complex, it significantly limits

the types of terrain that the rovers can navigate safely. Apart from traction issues ofb$Jopes
traditional wheeled rovers face the risk of toppling over on steep slopemakximum tilt in

any direction that th&ER rovers can supposedly withstandhout toppling over is limited
to45degeed3]. Their top speeds are also limited to below 0.01 m/s as it is desirable to operate

in quaststatic equilibrium6, 7].

EANELATY St 63 b

Figurel.l: Terran features on M@s. (Source: ESA)



Thus while traditional wheeled exploration platforms can navigate moderately rough and flat
terrain quite efficiently, they are not designed to traverse rugged terrain with steep slopes (see
Figurel.1- Source: ESA webpad8]). The fact is, however, that most scientifically interesting
missions require exploration platforms withpabilities of navigating such types of chaotic
terrain. The science strategy for human exploration of Maidentifies the area iRigurel.2

as one that will give the nsoscientific returns. This area includes some of the most chaotic
terrain features on the planet. It includes the Tharsis volcanoes, the Valles Marineris, and

numerous craters and channels.
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Figurel.2: Prgposed region for maximum scientific return.

This issue motivates the development of new kinds of rovers that take advantage of the latest
advances in robotic technologies to traveugged terrain efficiently. Thigwork analyses one

suchproposedover cacept called thdransforming Rovingrolling Explorer (TRREX]9]



that is principally aimed aafely navigating terrains that are combinations of flat areas, gentle

gradients and steep rugged slapes

Figurel.3: Transformation of the TRREX between roving and rolling modes.

Biologically inspired by the way the armadillo curls up into a ball when threatened, and the
golden wheel spider uses the dynamic advantagespfeae to roll down hills when escaping
danger, the TRREX rover can traverse like a traditionahéeled rover over conventional
terrain, but can transform itself intcsphere (se€igurel1.3), when necessaryp travel down

steep inclines, or navigate rough terrain

1.2 Literature R eview

There are five basic fields of knowledge that TRREX concept is foundéditerature survey
on the state of art knowledge in each field was conducted and brief reviews arg¢egresen

below.



1.2.1 Extreme terrain exploration platforms (Single mode of locomotion)

This field isdiversewith a variety of innovative exploration platform&nse of which are

tabulated infablel.1 and shown irFigure1.4.

Tablel.1: Extreme terrain exploration platforraad theilocomotion principle

No. Exploration platform Locomotion Principle
1. Axel rover, single wheeled ro\@o, 11] Wheels
2. ELMS[12] Tracks
3. Tumbleweed$13] Rolling
4. LEMUR, gecko, LAD (locomotive Ameobic devidéy-16] Legged
5. ACM-III[17] Body articulation (snakes]
6. Mars rocket propelled hopper, Prof-F[18, 19] Hopping
7. ARES, Entomoptej20, 21] Flying
Tether thiough caster Elastic Loop Mobility System
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Figurel.4: Extreme terrain exploration platforms (single mode of locomoti&rm topleft
to bottom right Axel rover, EIms concept, LEMUR, LAD, ARES, Single wheeled rover
with arm,Co-operation in single wheeled rovers, AAM



1.2.2 Transformation principles in design

Over the last decadd)e advantages of being able to transform betweeitiple modes of
operation is being systematically studied by the engineering design community. Products in
the market, like a vacuum cleaner, sb&, a convertible car or even a datguisition system

are all seen to offer a choice of modes of opemdtieeFigurel.5). Studies suggest a recurring

set of fundamental design methodologies that are employed in all reconfigurable systems.
These 6tr ansf o[R2nm3]ad refenredporini the ditérgiure eaexydand/collapse,

fuse/divide expose/cover, and reorientation.
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Figurel.5: Examples of Transformation in Engineering Design

Other works to explore éutility of transformation in designs have focused on parametric

studies[24] and probabilistic models to predict when state modifications should f&jur



Groups have ats investigated transformation specifically in the context of planetary
exploration vehicles, and case studies suggest enhanced performance compared to traditional
designg26, 27]

1.2.3 Reconfigurable Rovers(M ultiple modes of locomotion)

These rovers can reconfigure to increase their operational capabilities. Typically the
reconfiguration allows multiple modes of locomotion. Some examples of such rovers/robots

in the literature are

LEON[28]: LEON is a hexapod that can fold two of its limbs to transform them into wheels

(seeFigurel.6). This enables it to transform into a langbeeled rover from a compact size.

Figurel.6: Reconfigurable RoverLEON

RDB (Rolling Disk Biped|29]: The RDB has two modes of locomotion, walking and rolling
as depicted ifrigure1.7. It is a three degree of freedarchitecture consisting 4 links and 3
actuators. Continuous rolling is achieved by morphing the disk to move the center of gravity.
Quaststatic and impulse generated (similar to pastuation) rolling dynamics have been
studied. The developers claim to apply the experience gained from RDB to a future spherical

hexapod called HezBall [30].
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Figurel.7: Reconfigurable RoverRolling Disk Biped

MorpHex: Although there is no technical publication on this robot, it is wartiention as it
is a completed prototype that is closely related to the TRREX concept that is in the public
domain[31]. The MorpHex is a hexapod that can transform into a sphere and takes advantage

of walking and rolling as its two modes of locomotion.

AZIMUT [32]: Developedin Universit'e de SherbrookdZIMUT is wheeltracklegged
robotic platform that transforms between three modes of locom@aafrigure 1.8). Having
a symmetric configuration with four independent articulations it was designedasaeccial

platform for robotic B&rth applications.

Figurel.8: Reconfigurable RobctAZIMUT

ATHLETE[33]: The ATHLETE(AIll-Terrain HexLimbed ExtraTerrestrial Explorerjs high

mobility wheellimbed robot that iglesigned to carry heavy cargo in support of sustained



human presence on the moon. It can use walking or wheels as two modes of locomotion, and

when it has to traverse slopes greater than 20 degrees it uses a tether.

Modular concept$34, 35} There areseveral proposed modular robotic concepts that have
multiple possible modes of locomotion. These concepts comprise of many identical small
modules that can combine to form larger platforms. Theseldiesreshown to be able to crawl,

roll [36] and walk.

1.2.4 Dynamics and control of active suspensiowheeled Rovers

The common tradeff adopted toward improving traction and mobility of the traditional
passive suspensionheeled rover is to replace the suspension with an actively controlled
suspension37-39]. The dynamics of such active suspensions have been studied to optimize
traction and wbility of the wheeled platforms. These studies have been generic and are
applicable to any wheeled rover with an actively articulated suspension.

1.2.5 Spheaical rovers and their dynamics

Wind-propelled: The bouncing, sliding and rolling dynamics of tumblewssgers including
atmospheric effects has been studied and their performance while negotiating craters, ravines
ard rockfields has been analyz¢ti3, 4043]. These models are for generic spherical rovers
that do not have any form of control. With simplifying assumptions on the mass distribution
properties of the TRREXx, t he suadermhe thftuénseofc an b e

gravity.



Seltpropelled [44]: Several proposed spherical robots that are capable eprsglfilsion
referred to as Spherical mobile robots (SMR) can be found in the lite(atefigure1.9).

The means by which they achieve gaibpulsion can be classified as

1 Mechanisms to shiftie center of massRollo [45], Roball[46], BHQ-2 [47], August

[48], Soherobd [49], Sphiricle[50], Kickbot[51]

1 Using conservatio of momentum (spinning disks)Shu et al[52], Joshi et al[53],

Bhattacharya et aJ54], Gyrover[55].

1 Continually deforming the sphere/circle to achieve locomoti@eformable Robot

[56], RDB[29]

Each of these concepts are fundamentally déferert from the working of the TRREXx which

is also shown to be able to sphopel in unique ways in the spherical configuration.

Figurel.9: Self-propelled Spherical roboterom top left to bottom ght- August, Gyrover,
Sphericle, Rolle3, Spherobot, Kickbot, Roball, Deformable robot.
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Chapter 2

Architecture of the Transforming
Roving-Rolling Explorer(TRREX)

Rover

From thditeraturereview in the previous chapter it is observed éxgtioration platforms wh

multiple modes of locomatn tend to have higher mobility, however they dksadto have

more moving parts and therelsechallenged by correspondingly increased compleXitys
architectural challenge of havimgultiple modes of locomotion while mimizing the number

of moving partsis addressed by using the principles of transformafi@da, 23] i.e.
Expand/ Col | apse, Expose/ cover, Fusoagdmbdevi de
of locomotion to anotheihe choice of base designs is made considering designs that best suit
the target geographic mission profile. (A wheeled rover and a tumbleweed rover are chosen).
Architectural choices to enable the transformation betwezse base designs are made trying

to minimize the complexity of the transformations while maximizing the functionality of the
moving parts (reducing and reusing). For example, the TRREX uses the same actuator in active

suspension, transformation and atgdarolling.
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To introduce the TRREX rovarchitectureand outline its capabilitieshe following scenario

is presented

Picture a typically harsh extraterrestrial environment with moderately rough ten@gks,
crevices, hummocks and depressions. In the corner of this image is an unobtrusive exploration
rover, battling the extremeonditions and slowly inching towards its exploration target. It
negotiates the rugged terrain withatsive suspensiofdiscussed later), distributing its weight
evenly over all six wheels to extract maximum traction. As it moves steadily along, i$ sense
an overall gradient in the direction of a mission target and triggers a decision making algorithm.
Some quick computations and a couple of dec
switch modes, So it trundles along until it reaches the edgestdep descent. It has to now
choose between roving down the slope or finding another path along which the decent is not
as risky. Given inherent advantages in the design off#REx such a decision is trivial, and

the unobtrusive rover is finally gimea chance to flaunt its hidden potential. Accompanied by

the robotic humming of actuators the rover transforsegKigure2.1). True to its Acronymn

name6 T RRtBebddT r ansf or miod d i RavtriBEmstprinsfomean @nassming
conventional roveinto a sophisticated spherical rover and is ready to roll down the, slope

undaunted by its inclination.

12



TRREX Rovina

TRREX Rollina

Figure2.1: TRREX concept of operations

Only a few feet separate the rovesrfr tumbling effortlessly down the edge, but how does it
traverse these few feet of flagrrain? Just as it seems the rover has no mobility in this spherical

configuration without the aid of a gradient, the active suspemsgims to actuate cyclically

13



around the sphere to propel the rover forward by creating and maintaining a eemtat of

gravity in the direction of the required motion ($egure2.6).

Once the rover senses actuatedsllingv € o mmaer desd qae et Is
and the now spherical rover takes a free ridizee rollingd down theincline towards the

objective Towards the lower end of its ride the gradient is less steep, but the terrain is not as
friendly and is covered with small rockBhe rover senses a rather large obstacle in its path, a
boulder. It judges that a collision could be potentially harmful and thus performs a set of
precisely computed and executed control actuations thereby steering around the obstacle. This
isan example f  ¢ohtrelledbrollingd pabdity of the rover, which is a combination of free

rolling and intermittent actuated rolling.

When the incline levels off, the roveiifaws analgorithmthatdecides which mode to operate
in, based on a variety ahputs roughness of upcoming tain, inclination, soil type,
constraints on efficiency, timend safetyApart fromthe standard parameters, the algorithm
also has to accommodate facts sughlhesscientific interest in certain partstbg path. For
example,for the purpose of taking pictures or collecting soil samptemight be more

advantageous to operate in roving mode as opposed to rolling mode.

The rover design is presented here as a platform that payload and instruments can be mounted
onto based on ghmissionrequirementsThe general mission types that TRREx would be
suited for are areas that have a combination of flat areas, gentle gradients and steep slopes;
areas that cannot be explored by traditional rotkegie rovers because of their limitation

manewering down slopes. The design architecture of the TRREX rover inherently mitigates

14



the risk of overturning that the traditional rovers face when traversing down a steep slope. The
landing sitecould be chosemt a higher altitude thathe rest 6the planned mission path so

that the rover is &versing downhill for most athe missionin orderto take advantage of
potential energy in rolling. On Mars, some example exploration sites where such terrain with
slopes and rapid variation of altitudase found are the Hellas basin and the Tharsis region.
The novelty of the TRREX could have applicationthe field ofrobotics in general. Spioffs

of this architecture could kiea applications on Eartim remotereconnaissance, exploration,

defense or sarch and rescue operations

2.1 Design Architecture

The design features of the TRREx mentioned in the above scenario will be discussed in further
detail in this section. The TRREX rover operates in one of two modes thattrianaform
between theroving nodeand therolling mode

2.1.1 Roving mode

Hip Joint

Upper
Frame

Front Left

Leg Wheel

RearBack

Figure2.2: TRREX in Roving mode
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While roving the rover is able to use the following design features:

Active suspension

Given the generic terrain on an extraterrastody, it is advantageous to have some sort of
suspension system for many reasons. Traditionally, an arrangement of roachiakages,

called the RockeBogie mechanism, has been used in planetary exploration rovers. This is a
form of passive suspensiavhere there is no actuation of any sort. It has the advantage of
being power efficient, simple, and thus reliable and robust. From the view point of even
distribution of weight on all wheel$however, it is not the ideal suspension system. For
maximumtacti on it would be ideal to distribute
This will give maximum possible normal force on eadteeland thus no slippage on any one

wheel. There is no simple mechanical system that can accomplish this.

In the eraof robotics, however, we can resort to closed loop sensing and actuation to achieve
this. Considering that such systems are continually becoming more efficient and reliable, they

are promising replacements for purely mechanical systems.

Figure2.3: Active suspension conforming to terrain

16



The simplecontrol loop employed in the active suspensuanks by continually sensing if any

one of the wheels is bearing more weight than the other, and actuatingytimsileh a way

that this excess weight is shifted onto the other legs. This can be done with a combination of
force sensors between each wheel and the leg that will monitor the weight borne at that wheel,
and actuators that change the angle of the legjitve or increase the load on that wheel. The
result is asuspension system that conforms to the underlying terrairF(gere2.3) with lag
andtolerancea function of the control system design. Such a system distributes theerr 6 s

weight evenly on the six wheels and thus enables maximum traction with minimum slippage.

Figure2.4: The fexible hip joint(left) and tethered operatigright)

Flexible hip joint:

The hp joint of the TRREX as labeled Figure2.2, has two degrees of freedom. One of these
degrees of freedom is shownkigure2.4. This is a rotational degree of freedom that has its
axis out of the page. The ratat axis of the other is pointing upwaiihis design feature gives

the rover a lot of redundancy and allows the hip to also contribute to the active suspension.

Other advantages of such a joint are discussed later in the capabilities section.
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DetachableTethered Halves

Another unique feature of the TRREXx is that the two halves can be detached while being
connected by a tethéseeFigure2.4). Thisexpands the capacities of the rover and allows the
two halves to operate sepafgtevithin the vicinity of each other. The tether also provides a

method for recovery if one of the halves gets stuck.

2.1.2 Transformation

Figure2.5: Step by step transformation of the TRREX between the rovidgadling modes

The step by step tramsination between the twaodesof locomotionis shown inFigure2.5.

Even though this step by step picture suggests discrete sequential actions are undertaken to
change modeshé process iactuallycontinuousvhere all actuations asemultaneous. In fact

high speedsensoractuator integration could be investigated such that the transformation
between modes can happen as the rover is moving, i.e. through precise computations and

actuationthe inertia of the rover can be maintained during the transformation.
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2.1.3 Rolling mode

In the rollingmode the TRREX is in a spherical shape and the two hemispheres together have
a total of eight i ndéwehmiehrdd Hotysenae ddgubattstél d 7 g u ¢
have the capacity to open and closg)e different ways in which such a sphere can roll is

detailed below.

Free rolling:

Free rolling is when the rover is rolling down an incline solely due to gravity and without any

sort ofinterferingactuation. There is no control involved in this typierolling.

Actuated rolling

Figure2.6: TRREXx actuated rolling

Actuated rolling occurs when there is no gradient and yet a rolling motion is produced by
continuous cyclic actuation arglynamicshifting of the center of gravity. This is shown

Figure2.6, where initially (without any actuation) the center of graf@{) is atthe center of
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the sphere. As the legstuate the ceet of gravity shifs as shown, and the spheoés trying
to bring the CG to the lowest possible configuration. By cyclic actuation, however, the CG is

not allowed to settle at the bottom and is dynamically kept offset.

CG at center of
Sphere Top front and
top right

quartersopen

Figure2.7: Actuated rolling directional controllability

In this type of rolling a closed loop control scheme is employed that makes use of sensors, such
as accelerometersin tandem with dynamic models, to produce continual actuations that
maintain a virtual center of gravity which is offset from the geometric center aobtee,
resulting in the desired direction and magnitude of rollisigure 2.7 shows howthe design

allows fordirectionalcontrolability during actuated rolling.

Controlled rolling

Controlled rolling is when the roves free rolling, butintermittentactuations are made to
momentarily shift the center of gravity in an attempt to control the direction of rdftang
example to steer clear oh abstacle in the free rolling patif§uch control ieffectivewhen
the rover is in contact with the terrain and thereegsonabldriction betveen the rover and

the terrain.
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2.2 Capabilities

Gaits and steering possibilities

Owing to the many redundanciiesits design, the TRREX rover can demonstrate many gaits

and steering configurations. Some of them are discussed here. The rover can move forward
and backward in the regular roving mode by turning its wheels. It can also move sideways i.e.

90 degrees tdhe left or right by turning the adaptdsetween the legs and the frame and by

lifting the front and rear legs off the ground. Similarly it can also achievenéeymediate
angle,andst hus capabl e of pe rFigwea28.Tatgrn, the roverrcanb gai

use its flexible hip to form a turning ciraté required radius.

Figure28 Cr ab steering in roving modmhtl | eft) &

There mght also be various other possibilities, such aslfpropelledrolling were the quarter
touching the terrain opens upparting an impulse that pushiée roverforward (sed-igure

2.8).
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Climbing over a ledge

N NNy

Figure2.9: TRREX climbing over a ledge roving mode

Figure2.9 shows howthe rover in the roving mode can take advantage of its flexible hip design

to perform a maneuver where it can haul itaelfa ledge.

Figure2.10: TRREX exploring a crater base.

Exploring Craters

Impact Craters are of prime scientific interest on planetary bodiegxqharing their bases
would grant access to invaluablaaldigure2.10 shows how the TRREXx can climb the crater
sideways antiow the detachable tethered halves allow for one half to anchor itself on the top

of the crater edge and winch down the other half to explore the base. Orogltration
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mission is over the anchored half can haul the other half up out of the crater (an anchoring

system would nekto be developed for the roviealf perched on the edge of the crater).

2.3 ResearchQuestions andPath

Designing an exploration platfornequires a detailed systems and subsystems level analysis
encompassing all aspects of the defined mission. Some common challenges for space
exploration platforms arfl9] - mass, volume and energy restrictions, rigbchallenges,

structural design challenges, communication challenges, Thermal challenges etc.

Since the USP (unique selling proposition) of the TRREX is its increased mobility compared
to conventional rovers, among all the above listedsysbems thetady of the mobility of the
TRREX needs to be prioritized. This could be investigated by developing a dynamic model that

accurately captures how the TRREX interacts with its environment.

Understanding the dynamics of any rover is critical from its operaticapabilities point of

view. This answers questions about its performance on a given terrain and also determines
what sort of terrains the rover can navigate safely. To underscore the importance of answering
these questions, recall that on May 2009, MER-A (Spirit) was trapped in loose soil on
relatively flat ground, recovery attempts to free it failed and the mission was eventually ended
on March 22, 201(67]. Also in 1992 the walking robot Dante Il on itxast trip from Mt.

Spurr volcano overturned due to excess lateral tether ff58ps

The dynamics of the TRREX can be separated into three distinct studies:
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A A dynamic model for theoving mode

A A dynamic model during thtransformation.

A A dynamic model for theolling mode.

Since most of the productive time of the TRREXx will be spent either in the roving or the rolling
mode, the study of the dynamics during transformation isassential in preliminary analysis

attemptng to characterize the mobility performance of the rover.

The dynamics of a wheeled rover with passive suspension is a recurring subject in the literature
[7, 59, 60]and so are stues on an active suspension, some of which are very general and can
be applied to any rov¢B8, 39, 61] Thus, there is a wealth of knowledge from which we can
draw to understand the dynamics of the TRREX in the roving mode. In fact existhtlgeoff

shelf dynamic modeling softwaf@2] was usedh the preliminary analysis of the roving mode

of the TRREX27].

The dynamics of rolling of a TRREie architecture, on the other hand, has not been
examined in the literature. There are works that investigate the dynamics-pfogefied
spherical rover$28, 29, 45, 47, 49, 52, 586, 63]but, each of them arprincipally very
different from the working of the TRREx and do not contribute to understanding its rolling
dynamics. For this reason and also for the fact that the overall increased mobility of the TRREXx
is expected to be attributed to the novel (petpelled) rolling mode, detailed study of

dynamics of the TRREX irolling modehas beeprioritized.
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This work will thus investigate the contribution of the rolling mode to the enhanced mobility
of the TRREXby specifically focusing on thédynamics anctontrols pioblems posed during
rolling. Topics such astructural desigmndpower cosumptionare not considered yet. The

philosophy is to highlight the increased capability and later seek the means to €edlle it

Thebroad question isi Wh a t f mobilityt does the TRREX have on chabtie r r ai n ? 0

Some of the more specifguestions when seeking the contribution of the rolling mode to

increased mobility are:

1 Can the TRREselfpropelrather than relyingadely on gravity to move in the rolling

mode?

1 Whatsortsoépeede an be achieved in édactuated roll

limit this maximum speed?

1 How do the terrain characteristiffsard/loose terrain) affect performanafkthe rover

in acuated rolling?

1 Can this mode of locomotion be employeddl uphill?

1 How do the design parameters (dimensions and mass properties) ta&estlf

propulsion capabiliti€s

1 To what extent can wananeuver ocontrol the directiorof roll during sel-propeled

rolling?
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1 How does thisnaneuverability depend on the desgarameter3

1 Can the rolling mode be the primary mode of locomotion of the TRREX?

The broader question stated abavesought to beanswered byonsideringthe above sub

guestions.

The sphericaTRREX in the rolling mode presents a complicated dynamics problem and a
simplified planar(i.e. cylindrical) version of the TRREX is first considered. We note that
althowgh this is a simpler problem than the spherical TRREgh a study is an importantt

step, as considerable insight regarding questions raised about the mobility of the TRREX in
rolling mode can be gaindxy considering the planar probleiithe milestones that the research

is divided up into arshown inFigure2.11.
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Development of the Architecture
of the TRREX

\4

[ Modeling of Rolling Dynamics of the J

Planar version of the TRREX

A 4

[ Investigdion of Actuated Rolling Feasibility (an(ﬂ

Effect of Design on Performance)

\4

[ Construction of Cylindrical J

TRREX Prototype

\ 4

Experimental validation of Dynamic
Model using Prototype

\4

[ Modeling of Rolling Dynamics of the Sphericaﬂ

TRREX

\ 4

Investigation of Diredbnal Controllability and Assessment of
Mobility of the Spherical TRREX in Rolling Mode

Figure2.11: Research path adopted.

Having presented the architecture of the TRREX in this chapter the folloojics tare

discussed in thepcoming chapters.
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Chapter 3

Modeling, Construction and
Experimental Validation of the
Cylindrical TRREX

3.1 Introduction

In this chapter the dynamied actuated rolling is studied considering a Cylindrical/Planar
version of the TRREXTwo very different modeling approachase presentednd the results

from both approaches are shown to makaasibility of actuated rolling and the effedtthe
TRREX design on actuated rolling performance are investigat@aimulations using the
analytical modelFurther, the construction and software development of a cylindrical prototype
that is capable of demonstrating actuated rolling is presented. Finallyyrthmic model is
validated by comparing simulation results with experimental data obtained from test runs

conducted using the prototype.

3.2 Modeling the Cylindrical TRREX

Multi-body dynamical systems have been traditionally modeled using various analytical

techniques, all of which incorporate some form of rigid constraints to facilitate an-order
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reduction process that reduces the overall number of independent degrees of freedom, and thus
the number of equations required to completely describe the system.rdtespforces the
complexity into a smaller set of equations that can then be integrated to give the time response
of the system. Typical examples of such analytical techniques are the Newewn

formulization and the [B5%@f angebds Equations a

With fast paced advancements in computational capacities, traditional disadvantages
associated with simultaneously solving a large number of equations are less relevant, and
variousnovel computational techniques of dynamic modeling that are more suitable to apply
in computer code have emerdéd-72]. These methods implement rogid constraints and

thus do not focus on the order reduction process. Thus a large number of equations of motion
are generated but each equation is very simple. A typical example of this clasdimste
element approacf67] which has been widely applied and is shown to be particularly well

suited for flexible multbody systems.

Each of these classes has their pros and cons. The traditional Newléoapproach which

makes use of rigid constraints generates feag@iationsand can yield considerable physical
insight when put in symbolic form. The numerical model which useerigah constraints is

easier to construct and implement in computer code (@eergh it involves more equations).

In the course of this research, models using both techniques were developed and simulation

results from the two were observed to match exactly.
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3.2.1 Analytical Model of the cylindrical TRREXx

System Description:

Figure3.1: Cylindrical/Planar version of the TRREX

The planar version of the TRREX (Solidworks® model showFigare3.1) has four arms that

are actuated by motors. In dynaniiganodeling this system we consider it to be a miotidy
system with 5 bodies; one central frame or
the legs and chassis are constrained to be hinges with a single rotational degree of freedom.
No slip is assumed at the contact between the ground and the cylindrical surface, and this
assumption is checked and verified as part of the simulation. Each unconstrained body in the
planar space has three independent degrees of freedom, but after applygid tomstraints

at the joint and applying th® slipconstraint, we have from the Kutzba@Ghuebler's mobility
equation[73] that such a system has five degrees of freedom. Out of these five degrees of
freedom, four degrees of freedom, i.e. motion of the legs, are control inputs provided by the

controller; so in actuality the system has one degree of freedom, namely the angular position
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of the chassis. The analytical derivation of the governing equairahis degree of freedom
is presented below. The development is valid inniheslipregime (between the ground and
the cylindrical surface) and assumes that the movements of the parts of the motor contribute a

negligible amount to the overall dynamicstloé system.

Definition of frames

Figure3.2: Definition of Frames for the Cylindrical TRREX

The first step in dynamical analysi$é a system of rigid bodies to define frames, each

specified by its orimp, unit axes, and the body that it moves with (i.e. is embedded in). For

each body that is moving separate frame is defined with its origin at the center of mass of

that bodywitht he unit axes aligned in thessdowmecti o

in Figure 3.2, if the pointB is the center of mass of the chassis (excluding the legs) and the

directionsFE,jEE and IEE (IEEis into the plae of the paper) are the principle axes directions of
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the chassis, then tiBsframe,denoted byB , is a frame with its origin @ and unit axes!%, j @E
and IEE

In a similar fashion, leghe legs be numbered 1 through 4 and have centers of rGasisesugh
C4 respectively. Let the principle axes directions of legs 1 through %J:j%llf—,l% through
% ] C!é, I% respectively. ThenC; is a frame with its origin & and unit axe% : jéFand IECj

for j=1 to 4 In addition to this, an inertial fixed reference frameis ddined, whose origin is
arbitrarily placed at the poi of contact between the sphere at the ground at a given instant

(e.g.t=0), and whose axes are alignaslshown irFigure3.2.
Derivation of the Governing Equation

Following a standard NewtelBuler approaclie.g a described in Meirovitcf65]), the total

externd torque aboutB acting on thesystem (:I;B’Sys)extis related to the change in angular

momentum of the system abddias follows:

(TBrSys)ext :E(OHBS)/; 9\7/% rﬁ% V% (3.1

In this equation? 5 IS the angular momentum of the system ali®utith respect to the

inertial frame, m_is the mass of each IeSVEy Is the inertial velocity of the center of mass
(0]

of the chassis anBVC/ is the inertial velocity of the center of mass of fideg. The term
O
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_ 4 _
0\7% Pma °vw 1/ appears because the torques and angular momentum are writtéraabou
j=1 o

point B which is not the center of mass of the entire sy$&&h

Figure3.3. External forces on the Cylindrical TRREXx

Next, in Equation3.1) the external torques acting on the system are written in terthe of
forces they are derived from, and the right hand side is written in terms of inertias, angular
velocities and correction tern{a/hich arise due to the fact thatis not the center of mass of

the entire systepas discussed abovdhe external forces acting on the system are forces due
to gravity (vector denoted bg) and interation forces between the ground and cylindrical

surface. The ground is modeled as flat terfaithough it can be sloped with respect to the

horizontal)and F,, is the normal reactionE, is the frictional reation and F, is the rolling
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resistance. These forces are illustrate8igure 3.3, where for ease of illustration the terrain

is portrayed as horizontal

The sum of external torques aboua&ing on the system is:

~ - = - _
(TBvsys)ext :F% (q:fr F-kl) ml%lgé% g (32)

Where r}/ IS avector pointing from the center of mass of the ch&sisthe point of contact
B
with the ground®, and FC/ is the vector from the center of mass of the ch&w®ighe center
B

of mass of thg" leg (i.e. the poinC;). Since thesystem consists of the chassis and the four
legs (we are considering the angular momentum contributions of the other components to be

negligible in comparisonjhe total angular momentum of the systean be writteras

[e]

ohB,sys =

4

— T

hB chassis 4a h Bldg)j
=L

where 6ﬁB is the agular momentum of the chassis abBuwith respect to the inertial

,Chassis
frameand 6HB,Ieg( ; is the angular momentum of tiileleg about B with respect to the inertial

frame.

It can be showif65] that the angular momentum of a body about a point other than its center

of mass can be written as a function of its velocity and its angular momentum about its center
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of mass Therefore, followind65] we have that the angular momentum of each leg about point

B can be expressexs follows:

4>

O Oy,
A R, i, °V,
B,leg( I) Jleg( ) A L %
Therefore,
Op 6 : é- o
hB sys B chassis ﬂ ée C l&g)j ﬁ-% n¥ L V% (33)

where®h. . . is the angular momentum of tj{eleg about its center of ma€s.
j.leg())

If the moments of inertia of a body are computed about itsiplénaxes then the products of
inertia will be zero. For the chassits reference frame ax%, i EEand'% wereby definition

chosen to be tharincipal axesthus letthe principle inertia components computed about these

& sl & respectivelyWriting the angular velocity of the frame with respect to

axes bé
the Oframe as{ii? = %EB + gl @E +;§EE, it can be show(f65] sinceB is the center of mass
of the chassis that

oR = = =
h B,chassis — IXEWXBEB + yB M{/ﬂ 7BE I+§B M%E
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Similarly for each leg |f|XC e iy 5 are the inertia components about the principle axes

_ Od _ 4 . do% B -
E(othyS)_E(othhas&) ?léaa(ohpldg)) J'a_tga:!% TT?SV% g (34)

)= (P #7 o (B e (n 10-we YF,
+( E yB "z% I-xB V)LB Q
1l 1 13 Wi '%)kEE

\m‘

Since our system is restricted to planar motion about l%e axis, we have

We= W =1 =} 0.Thus, the above expression reduces

xB

d_(z(oﬁB,chasys) — B zBlg (35)

Following a similar process for each leg, we obtain,

36



7F’c» Jleg( j)) = Izq W{q IEQ (3.6)

Using the product rule and transport theoif€@] the second term in the summation(3¥)

can be rewritten as:

AT AL 7k AN

B o

B, da. . : . -
where v, Y =E§gc Y is the velocity of center of mass of tjfeleg with respect to th@
B C /B
frameand oé\c/is the inertial acceleration of the center of mass of'tteg.
(0]

Using(3.5), (3.6) and(3.7) in Equation(3.4) gives:

6d (éﬁB,sys) = IZEW{ B é Iz’, Vg’qk’qE

o A e
. g (3.8)
+MAwst, v, ®° B, )%, T+ %3
nast Y A7 A A
Now, using(3.2) and(3.8) in Equation(3.1), we obtain
- = &, .0 = 4 =
G Fr F) ML 0ol i Mekd
ji=1C /B - iz (39)
+rnL-a‘-1. éEV 36% (-pWE +3 ) 70—’V3 i + b"a(? 3 % +@V -
et A7 s o Ve Yo o
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It is now noted that for the planar systé%: I%JE =5, andthatthe I% component in the

vector Equatior(3.9) will ultim ately yield the equation of motion for the degree of foeed

associated with the chassis.

Theunknownforcesin equation39)can be f ound widdawisBbpplisdto n 6 s

the system:
a Ifext = M a L a aq/

In the above equatiorfy F., is the sum of external forces acting on the syshiis,the mass

of the chassism is the mass of each legnd 658/ and OéC/ are the inertial accelerations
© (o)

of the center of mass of the chassis #elacceleration of the center of masshafj" leg
respectively.External forces acting on the system are gyawtatic friction,the normal

reactionof the ground acting on the rovand rolling resistanci®rces.Hence we have:

Mg+4m g +F, K R M2z (3.10)

4
o M

Note that rolling resistance is modeled as a force opposing motion that is proportional to the

magnitude of the normal force.

IEN‘% if motion is in the positiv%E direci

IEN‘% if motion is in the negativi%E directi
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Numerically integratinghe governing equations

In developingcomputer code to numerically integrate the analytical equations listed #b®ve,
dependence of the direction of rolling resistance force on the direction of motion is
implemented by inserting a hyperbolic tangent function in the evaluation of a modlfied r

resistance coefficie@, . This was done to avoid the integrator taking inordinate amounts of

time to integrate when the velocity of the chassis becomes extremely small (close to zero).
When the system is approaching reabg direction of the rolling resistance force keeps
changing almost every tirretep which can lead to significant numerical errors over tifie
hyperbolic tangent functiomitigates this issue lgyrovidinga margin between a small positive
velocity and a mall negative velocity during which the opposing force tapers off to zero at

zero velocity.

eIl

Thus,if Fy= €,

_ — _ a g .
FN‘ =thenC issetto beC, =C, tanl‘% where gy, is some small
(; trigger

value of anglar velocity.The value of the hyperbolic tangent function is unity and takes the

sign ofg at all values within the function except WIMrK ’ggger. In this range, when the

velocity of the system is practically zetbe hyperbolic tangent function rapidly approaches

zeroand thus makes the rolling resistance force.zero

The ]% component in Equatio¢8.10) is used to first solve for the normal force. From

this, the rolling resistance can be determined and used i% tbemponent to solve for the
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frictional reaction. This allows for the quant(l@zfr + IfN)to be solved for in Equatio(B.10)

and plugged into Equatio3.9). The I% component of Equatio(B8.9) is in terms of system
geometric and mass constants and the control inputs of the legsandalhknown. The only
unknown is the variable describing rotary motion of the chassis aboi ftiaene.Labeling

this variableasd we have that, = gandi; = ¢. Thus, Equatioli3.9) yields a second order

differential equation irf that can be numerically integrated to give the motion of the chassis
as a function of time

3.2.2 Constraint Relaxation Model for the Cylindrical TRREX

Treatment of connections

An alternate approach to numerical integration of the analytical model described above is to
use a fAconstrai nt[69]rasiwil beadeditech delow. &he lkcanstrgint e
relaxation technique preserves all the degrees of freedom of each body due to the fact that now
nonrigid (visco-elastic) constraints replace the rigid constraints at the joints between bodies
in the multtbody system. Thus favur planar multbody system with 5 bodies, since each
body has 3 independent degrees of freedom, the overall syste®® BaslS degrees of
freedom. The dynamic behavior of a Aogid connection tends to the behavior of the rigid

connetion as stiffness increases, and in the limit the two are equiy&@&ni0]
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4 N

Figure3.4: Treament of connections between rigid bodiggring displacements are
exaggeratedh the constraint relaxation method

In the cylindrical TRREX the connections between each leg and the chassis are modeled via
springs and dampers (linear and rotational) as shiowRigure 3.4, where the stiffness
parameters are chosen to be sufficiently high to approximate rigid connections. More precisely,
the stiffness is chosen based on the required resolution of the displacement response at the

connections. Ife is the required resolution and, ., is the peak force occurring at the
connection, then the stiffness that will produce small enough maximum displacenssst of

given byk = F

ea! € - The unstretched length of the linear spring at each connection is zero

and the urstretched angle of the torsional sprigg(t) is a control input provided by the

controller. Viscosity parameters are chosen such that the systeitidally damped.
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Treatment of ground interaction

Ground interaction in this technique is treated very differently than the traditional analytical
met hods. Consistent with the idea of o6constr
a nonrigid surface with visceelastic parameters that sufficiently represent the dynamic

interaction of the body with the ground. The stiffnégsis chosen based on the required
resolution of the displacement response at the contact poideamgingc, is found in terms

of the coefficient of restitution between the bod&8]. Thus the normal force equation is

given by,

E _f 0 whenp ¢ (
) Jf(kgpd-i_cgpd)sn whenp >
where p, is the penetration depth agds the unit normal vector coming out of the ground

surface. Note thap,is measure positive in theEndirection. This treatment is similar to

treatmen of collisions in[69, 70, 72]

To model static and kinetic friction, a continuous friction model is adopted, where instead of
two distinct equations in case$ slip and roll there is now only one equatfgn= /74!5N ‘%
(replaces both kinetic and static friction laws), whégis a unit vector along the direction

opposing to the direction of velocity at contact point. Simtexdels have been used in the

literature[69, 71] Rolling resistance is modeled the same way as would be done in analytical
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modelling,F, =C,,

Fy ‘ €, whereﬁis a unit vector along the direction opposing the direction

of motion of the chassi{®pposite to x component of inertial chassis velocity)

Modeling ground interactions in this way eliminates the need for discrete sets of equations for

rolling, sliding and bouncing and thus is more efficient to implement in computer code.

Forces and Moments on each body

MAG N]F[EDT

v/p

\ <M I

Figure3.5: Connection forces in the constraint relaxation method

Let H,. bethe point on thej" leg where it is hinged to the chassis and Het be the

corresponding point on the chassis. Let there be a translational spring (of stiffress
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damper (with daming coefficient,) between the two points. Also let there be a torsional

spring (of stiffnesk, ) and damper (with damping coefficienj between the two bodies. Note
that the urstrethed length of the translational spring is zero and th&tn@tched length of the

torsional spring ig (t) for the i" leg.

If at a given instant thg"leg is displaced as shown figure 3.5, then the restoring force
acting on the chassis is given lfgcj =fy Ej and the force acting on the leg is equal and
opposite given byfCjB = -ij Ej , whereE,J is the unit vector pointing from poirdl 5 to H .

and can be written as,

andf, is the magnitude of the force between the two bodies givep byk D, & II')Hi :

Similarly moments are generated when at the given instant the actuabangféhe leg with

respect to the chassis is different from the desired gngl&@he moment exerted on the chassis

is Mge, =M, l%j and an equal and opposite moment is exerted on thécljgg: M Hjl% ,

J

where the magnitude of the momenblig =k (9. - @) ¢(.9 ). Notethay,is the
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degree of freedom of the leg whigg is an input to system, also, in the planar system
l%zkgE: ke Elg EIE - lgforall time.

Thus computing the resultant forces on each body, the leg has a force acting on it at the

connecting point and the force of gravity acting at its cesfterass. Thus the resultant force

onthe|" legis
fe =fcp MG (3.11)
and the resultant moment on fffeleg is

g =,

o, M (312

17 i GB
CJ

wherer,, ,c/ is the position vector pointing from the center of mass of'theg to the hinge
i

point on the leg.

The chassis has four forces due to the connections at each leg, the gralifatce acting
through its center of mass, frictional, normal reaction and rolling resistance forces acting on it.

Thus the resultant force on the chassis is given by
K, &4 #Bq (313

and the resultant moment is
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Mg:r% F, R a*gH,-B fod Mgt (3.14)

where FHJ_E% is the position vector from the center of mass of the chassis to the hinge location
B

on the chassis.

Writing unknowns in terms of knowns

At each timestep the unit vectoéh is computed from the states at that time as follows,

r r, - r -1 ¥,

H; H, I -r H, B H.

%js — %js _HjCB Hj% _J%j %:" J%

P DH» DH DH

Hjc/
He

] i ]
I - % 1 qr”—
E« = H%j 35% C% 9 e B
i DH

& =

]

i

. - : N _ é.
Herer;, andr. ,, when expressed as components in the inertial frar{'lg/%s andjr.
Yo % oo i %

«xCIO

, directly correspond to states at that tistep. Vectors, ,c/ and FHj E/ can be written from
C B

i

A

geometry in their respective body frames %$,_B H ard FFH, Eand can then be
% ¥ % §

transformed to the inertial frame using the rotation matrices that define the orientations of the

chassis (i.eé.[C]B) and the leg (i.éS.[C]éj ) with respect to the inertifilame as follows:
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Again the rotation matrices are computed directly from the states corresponding to angular

positions of the chassis ajitlleg.
Equations of motion and integration in the constraint relaxation technique

The euations of motion related to the motions of the centers of mass are given by,
M°&,, = fR (3.15)
%

mLOéC/ = f¢ forj=1to 4 (3.16)
(o]

The % and ]56 components in equation(8.15) and (3.16) represent equations of motion
corresponding to the 10 translational degrees of freedom (DOF) in the system. The rest of the
five equations of motion (EOMs for the rotational DOFs are represented l%' tteamponents

of equationg3.17) and(3.18).

O
d/e- -
a(ohB,chassis) =M g (317)
o
d (o e
a(ohcj,,eg( ))=ME forj=1to 4 (3.18)

47



Note that when witing the LHS of equation.17) and(3.18) in terms of body inertias, these

inertias should be represented in the inertial frame.

The above 15 EOMs, each of which is"adder odinary differential equation, yield 30 state
equations, the states being 15 positions (3 for each body, two translational and one rotational
position) and 15 velocities. Given these initial conditions, and given the environmental,
geometric and mass propies of the system, the equations can be integrated to produce the

time response of the system.

Caution should be exercised in setting the maximum step size for the integrator. It needs to be
much less than the smallest natiale-period of vibration inthe system (i.e. about 1/100

the time period corresponding to the highest natural frequency in the system). This presents a
tradeoff between the resolution of the displacements required (based on which we set the
stiffness parameters at each connectan the timesteps taken to complete the integration.
Thus the higher the resolutions required,
higher natural frequencies in the system and thus smaller maximum step sizes of integration
should be bhosen and the longer the intaion will take. Simulatiomesults presented using

the constraint relaxation technique employed a Rufigéa integrator[74] written in
MATLAB ® [75].

3.2.3 Control Inputs to Models

RecallingFigure3.2, if g,; is thedesired angle at a given instant of time betweer%hendi 5

axes in tle positive l% direction, then the desired input motions of the legsfunctions of
]
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time) are given by, g, " 4. for thefour legs i.ej=1, 2, 3, 4. In the analytical technique these

are inputs into thequationof motion yielding a second order differential equation with the
only unknown being the chassis angular posgioThis differential equation can be
numerically integrated usirtpe ode45 suite in MATLAB ® [75] to obtain the time evolution

of the chassis anglén assumption hereés that theactuators (linear motorgeneratethe
desired motion exactlywhen using the constraint relaxation technique this assumption is

relaxed and the actual motiontbe legs ¢,,, ‘g, ", are allowed to be slightly different from

ja?
the desired motiond,, '@, "4, Where the motion is dictated by the rotational stiffness and

damping at the connection.

Initial studies assumed thiite anguhr acceleration of eadhg followed a cubic polynomial

(in time) from rest position to rest positioBut it was observed from experiments on the
prototype that a piecewise constant acceleration of the piston (of the linear motor between the
leg and thehassis), when transformed to the angle of the leg, better characterized the opening

and closing motion of thiegs.(For more details se&ppendix A

One of the intended features of the TRREX is thatmelpulsion (atuated rolling) can be
achieved by controlling the timing of opening and closing of legs such that continuous rolling
is generated, and we will demonstrate that this intended feature is a reality through both
analysis and experiment. As the TRREX rolls bags have to be retracted in time so that the
system does not roll over an opened |l eg (i

leg could be set to open and close atgetermined values of the angular position (for range
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of operation, seFigure3.6), but as the angular velocity increases the legs will have less and
less time to completely retract. Thus, the maximum speed of actuated rolling is directly limited
by the capacity of the actuators iatin move the legs, so to avoid ground interference: (1) the
actuators are set to retract the legs at maximum capacity; and (2) the ranges of operation are
made to be a function of chassis angular velocity, i.e. the controller starts closing the legs

earlia and earlier as the speed of rolling increases.

Leg | Open angle | Close angle | Range of operation
1 G, [ 6., -0,
2 é,, 0, 6.,-8,
3 [ (o B3 — 8,
4 904 9c4 9(:4 - 904

Figure3.6: Controller- Dynamic ranges of operation

Looking atFigure3.6, we note thaif leg 2 is set to open atparticularchassis anglg = g, (

note that here fA00 i n ,ant dosesaudangleg=igy hoteshata nd s
here ACO st aasdthe anguar veldcitylofdhe systejerses, thislosing angle

will move closer to g, (proportionally) and is equal tq,, at some limiting velocity\] .
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Therefore the range of operation of the leg decreases linearly and tends tothersyatsem

velocity tends to the limiting velocity.

Thus, in our closed loop scheme, control inputs to the legs are functions of both of the current

states angular position and velocity. Since the control inputs are discontinuous functions of

the states

t hey

ar

e

I mpl emented i

n

code

by

det e

substituting the inputs as a function of states in the equations of motion). During integration of

the equation of motion, when an event is detected (i.e. when the chassispwssges an

open or close angle of a leg) the input to the system is changed appropriately and integration

is thencontinued. It should be noted that, at the occurrence of an event, ranges of all the legs

except the one that just finished actuation adatgd (this avoids jitter).

3.2.4 Comparison of Analytical and Constraint Relaxation Model Results

Cylindrical TRREx — Comparison of Analytical and Constraint Relaxation Models

200 j : ; CR Leg1
8) . . | CR Leg2
o < . N N CR Leg3
£ . . . X CR Leg4
&= : - - - - Ana Leg1
0 L 1 ! L : : — — — Analeg2
0 1 3 4 S 6 7 8 Ana Leg3
500 T T T T T T — ~ — - Analeg4
o . . : . |
@ 1
2 0 Analytical angl
c ylical angle
<@ . : — — —C.R. angle
i i
3) 6 7 8 9 10
()]
Q T T T T
@) : . . :
] -
2 Analytical velocity : ]
% : : — — — C.R. velocity :
o _50 I T T T T i
@ 0 1 3 4 5 6 7 8 9 10

Time in seconds

Figure3.7: Comparison of Analytical and Constraint Relaxation Results
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The results from numerical integrationtbe analytical and constraint relaxation models are
compared for various test cases and they were observed to match exactly (within the tolerances
of our numerical integration methods). One particular set of results with a specific set of
physical and erivonmental parameters, able3.6 andTable3.7, respectively, is presented

in Figure 3.7. Actuations were stopped after 5 sed®m@and the system was then allowed to

coast. It can be seen that both models yield essentially the same response.

3.3 Simulations Investigating theof Effect of Cylindrical

TRREXx Design on Performance

Having developed a dynaminodel, it is put to use in expking the effect of thes y st e mdé s

design on its ability to perform actuated rolling. The terrain difficulty for these simulations is
characterized by the coefficients of rolling resistdcand static frictiorn7. For example, an

6easy terrainbé would be one that offers | ow
slip between the rover and the t erCrimahigh. A 06«
andmis low. The analytical model is employed for these simulations and as noted besore, it

only valid in the no slip regime (i.e. whigy | < m2|Fy|). Thus, after each simulation, it was

verified that the system was constantly operatuithin this regime Also for simulations in
this section it isassumed that the angular acceleration efléy followsa cubic polynomial

(in time) from rest position to rest positiqigeeAppendix Afor details)
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3.3.1 Earth Simulations

Anticipating experimental work on a physical prototype that demonstrates actuated rolling,
using the model to explore reasonable designs for an Earth prototype was considered. The
dynamical model wathusused to examine candidate designgqrening actuated rolling in
various Earth environments. A starting candidate design was obtained by modeling the system
in SolidWork® and assigningnaterial properties to the components. The design parameters

for this first candidte design are listed able3.1.

Table3.1: Candidatel DesignParameters

Parameters Description Symbol Value  Units
Outer radius of cylindrical surface  Rw 0.3750 Meters
Geometric Locati(_)n d center of mass of leg I 0.1961 Meters
parameters w.r.t. hinge ly 0.0313 Meters
Location of hinge of leg w.r.t. center M 0.3393  Meters
he 0.1275 Meters
Mass of O0chassis M 11.3000 Kg
Mass of each o6l e m 3.1240 Kg
: Inertia about the rotation axis of 5
Mass properties chassis | 5 0.8300 Kg.m
:Qgrtla about the rotation axis of eacl |Zq 0.0394 Kg.n?

The first simulation of this system was focused on ag Easth terrain characieed bythe
parameters listed iable 3.2. A controller was used to actuate the legs cyclically, thed

evolution of system statesuch as chassangular position and velocitywere recorded.
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Table3.2: Simulationl Environmental Parameters

Parameters Description Symbol Value Units
Gravity g 9.81 m/g
Environment Rolling resistance Cn 0.005 -
parameters Coefficient of static friction €s 0.5 -
Slope of terrain b 0 Degrees

Figure3.8 shows the simulation results for this scenario, where the system was started at rest
position and achieves continuous rolling motion. The top subplot depicts the actuatians of th
four legs as generated by the controller. When the valadoofa particular leg isninimum,

then that leg is fully closed; when itnsaximum it is in the fully open position.

The middle and bottom subpl ot s anglprivedositg,nt t he
respectively. For this simulation, the controller was switched off at the 10 second mark, all

legs were brought to the fully closed position, and the system was allowed to coast to a halt.

The low rolling resistance allows the systemdibwithout actuation for a significantly longer

distancelt is more of a challenge to tune the controltar terrainsthat providelittle or no

opposition taolling to avoid ground interferenc&his is because in such scenarios the system

builds up b a higher rotation speed and the legs have less time before they have to be pulled

back to prevent the rover from rolling over an open leg.
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Figure3.8: Simulation 1- Actuated rolling of Candidate 1 on gasrrain on Earth

The next simulation scenario placed the same design configuration on terrain where it would
be difficult to produce continuous actuated rolling. Here, valuds of 0.1and/z =0.15 are

used to simulatéerrain that is equivalent to the rover rolling on s&n@, 77] The other
environmental parameters remain the same as the previous simulation. The rdsglisein

3.9 show that the system starts to roll, but is not able to roll enough for the next leg in sequence

to constructively contribute to the perpetuation of rolling motion. Thus this design

configuration experi enc ecntibusus actudtedl roling chotions n ot

on difficult terrain.
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Figure3.9: Simulation 2- Actuated rolling of Candidate dn difficult terrain on Earth

As the system atfiguration described ifable3.1 was unable to achieve continuous rolling

motion on difficult terrain, the next simulation explored if changes to system configuration

would address this limitation. The effect of changing various parameters in the degign sp

on the response was observed and the highlighted cellabie 3.3 denote the system

par ameters

updat ed. Essentially,

t hese

c han:q

from the system center to produmore torque, (2) increased the inertia of the chassis to reduce

the tendency for stall, and (3) increased the overall mass of the system to reduce the tendency

to slip.
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Table3.3: Candidate 2 DesignaPametes

Parameters Description Symbol Value Units
Outer radius of cylindrical surface Rw 0.3750 Meters
Location of center of mass of leg w.r Ix 0.3000 Meters
Geometric hinge Iy 0.0313 Meters
parameters
. . hy 0.33¥3 Meters
Location of hinge of leg w.r.t. center hy 01275 Meters
Mass of O6chassistcM 15 Kg
Mass of each o6l ecm 5 Kg
Mass properties Inertiq about the rotation axis of | 15 Kg.m?
chassis 2B
Inertia about the rotation axis of each

e 0.0394 Kg.n?
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Figure3.10: Simulation 3- Actuated rolling of Candidate 2 on difficult terrain on Earth

The behavior of this system is showrFigure3.10. The results in these figures show that the

updated design produces a continuous rolling motion without stalling or slipping on difficult
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terrain. As in the previous simulations, actuation is stopped after 10 seconds. Here, however,

the system stops quigkbecause of the high rolling resistance of the terrain.

To further test the updated design, a gradua
terrain characteristic coefficients for moderate terrain were chosen to be equivalent to a dirt
road orrelatively hard san{i76]. Values of environmental parameters that are different from

the previous simulation are highlightedTiable3.4.

Table3.4: Simulation 4EnvironmentalParameters

Parameters Description Symbol Value Units
Gravity g 9.81 m/g
Environment Rolling resistance Crr 0.05 -
parameters Coefficient of static friction €s 0.3 -
Slope of terrain b 3 Degrees

Figure 3.11 shows the results of this simulationvhile the ground reaction forcésat were

monitored for slip and are shown kigure3.12. The top and middle subplots kigure3.12

plot the variation oﬂff,

and‘lfN‘With ti me, respectivel wlip The b

ra t‘ %?'E ‘ where the system is in the no slip regime while this ratio is less tfde 1
N

top subplot in Figure3.11 shows the input leg actuations with time and the bottom four plots
showtheresponse of the systemtime-lapse in four separate time windows. The movement
of the center of mass of each leg acited using a circular marker. The observer in these plots

moves along with the system. The top left plot shows the system starting from rest, then leg 4
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opening and closing before it interferes with the ground. The remaining plots depict how the

controlle cyclically actuates the legs based on the angulang@osind velocity of the system.

Cylindrical TRREx dynamic model — Actuated rolling -+ -+ - leg 1
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Figure3.11: Simulation 4- Actuated rolling of Candidate 2 up a slope on moderate terrain on
Earth(Time Lapse Plojs
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Figure3.12 Simulation 4 Ground reaction forces monitor

From these figures, it is observed that the rover successfully uses actuated rolling to traverse a
gradual include on intermediate terrain withatalling or slippingAfter 10 secondsywhen
actuation of the legs are stoppete rover coasts to a halt and then begins to roll back down

the slope under the influence of gravity.

3.3.2 Mars Simulations

In the previous simulations it was observed that #pability of the system is governed both

by the design and the terrain.the following simulations, design candidates are subjected to

Mars gravity and the ability to perform actuated rolling is explored.

To begin this study, the updated design (Cartdi@ from the previous section is simulated
using difficult terrain parameters in a Marsveonment, as shown ihable3.5. The plots in

Figure 3.13 show the results of the simulatiomhere it is obseed that the rover has
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difficulties maintaining a continuous rolling motiohhis difficulty arises from the inability of
the third leg to change the angular position of the chassis in such a way that the next leg in the
sequence can constructively conitiéd to the rolling motion. Using the sign parameters

listed inTable3.3, the system stalls in approximately 6 seconds.

Table3.5: Simulation 5 Environmentald?ameters

Parameters Description Symbol Value Units
Gravity g 3.711 m/g
Environment Rolling resistance Crr 0.1 -
parameters Coefficient of static friction €s 0.15 -
Slope of terrain b 0 Degrees

Cylindrical TRREx Model — Actuated Rolling Simulation Results
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Figure3.13. Simulation 5 Actuated rolling of Candidate @ difficult terrain on Mars

Initial efforts to overcome stall focused on scaling the model so thatuldwhave the same

weight on Mars that the O6Candidate 206 <confi
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scaled up model were only slightly better at generating actuated rolling, but were marred by
an increased occurrence of slipping. Similar resuétsee found when the masses of the legs
were increased, or when the center of mass of each leg was moved furfr@mdbe center

of the system.

It was found that increasing only the inertia of the rover chassis had three positive effects. First,
the sytem was better able to maintain actuated rolling motion. Second, the tendency to slip
was reduced because the inertial accelerations of all the masses were reduced. This caused a

reduction in the sum of external forces on the system in such a way tladida{8.10) held.

While the peak of the quantityz|F| remained similarthe peakfrictional reaction forcdF,

was reduced, meaning that the system was less prone to slip. The third positive effect was that
the legs had more time to retract before interfering with the ground because the overall motion

of the system was slower.

A third candidate design was created veha|Ithe design parametersTiable3.3 remain fixed,
except the mass of the chas¥iss now 17.5 Kg and the inerti; is 2 kg/nf. Simulation

results for thé system are shown igure3.14. Here, the design is able to maintain continuous
actuated rolling motion without stalling or slipping. When actuation is stopped at 15 seconds,

the system reachegest state almost immediately.
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Figure3.14: Simulation 6- Actuated rolling of Candidate 3 on difficult terrain on Mars

3.3.3 Discussion

The candidate designs proposed in the above simulations demonstrate that rover performance
under actuated rolling is a function ofvey design and the environment in which it operates.
These configurations were established through iterative trial and error, and represent only a
sampling of the capabilities that such an architecture can achieve. Finding the performance
bounds associatetith actuated rollingneeds tanvolve a formal design of experiments study

to fully sample and characterize the design space.

The linear speeds of the rover in the above simulations under actuated rolling are significant
in the context of rover designh@& results ifFigure3.14 correspond to an average linear speed
of 0.19 m/s, which suggests that actuated rolling could be used as a mode of locomotion in

conducive environments. In the context of the spherical TRREXx designtealctaing might
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be used to roll small distances between slopes to limit the need of transforming between rolling
and roving mode. Furthesimulations in this section suggest tit@buld also be used to travel

flat or slightly inclined terrain if neede

3.4 Construction and Development of the Prototype and

Microcontroller for the Cylindrical TRREX
3.4.1 Hardware

Structure

A cylindrical prototype of the TRREXx was constructed to facilitate the experimental validation

of simulation results obtained from the dynammodel. The prototype, like the mutiody

system modeled above, is @6&dy system with a central chassis and four legs hinged to this
chassis. The physical prototype differs, however, from the conceptual model Bapné3.1

in that the physical prototype rolls on circular discs, rather than on the curved surfaces of its
legs (sedigure3.15). This was done to avoid machining curved surface areas; however, given
the assumptions made in creating the mathematical model of the conceptual cylindrical
TRREX, (i.e. we assumed that the surface of contact is always a continuous circular shape) the
equations of motion for the physical prototype will be the same as for tieeptaal model

after the mass and moment of inertia properties of the disks are incorporated into the mass and
moment of inertia properties of the chassis. Hence, both the conceptual and the physical

cylindrical TRREx models are completely described bysdume set of physical parameters

(seeTable 3.6) namely the outer radius of the cylindrical surfaBgj, the location of the

center of mass of the leg with respect to the hipged ), the location of a hinge with respect
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to the center of mass of the chassisadh, ), the mass of the chassisl () and each legri,
) and the inertia about the axis of rotation of the chadsig énd each Iegl(zéi) about the

respective point8 andC;.

Figure3.15: Prototypgleft) in comparison with the dynamically modeled system (right)

Also provided for in the physical prototype is the ability to modify the mass properties of the
legs between experimental runs by adding lead weights at the ends of the legs (shown as small
grey circular disks ifrigure3.15). This enables the validation of the results from the dynamic

models for different points in the design space.

Electronics

The legs are driven by high speed linear motors witergmmeter feedback and run on a 12
volt DC supply (se€igure3.16). They are driven by pulseidth-modulation through an H
bridge. A multiaxis accelerometer is used as an orientation sensor. It determineavitye g

vector direction in the chassis frame from which the mamwotroller is able to compute the
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orientation of the chassis. A National Instruments maootroller, the SHRIO 9611[78] is

used to implement the control system. It has a 266 MHz processor running a RT@#&é&eal
operating system), 128 MB storage, 64 MB RAM and has a 1M gate Xilinx Spartan FPGA.
The board is powered by a 24 volt DC supply. réhare two battery packs: a 12 V 10,000
mAh battery to run the motors and a 24 V 3800 rbAtteryto run the controller. It should be
noted that care was taken while mounting all the electronic components to ensure that the

center of mass of the entire s31% when all the legs are closed remained at the center of the

chassis.
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Figure3.16: Prototype and Hardware (Tdgft: System, Togmiddle: Legs and actuators,
Top-right: Controller, Bottordeft: H-bridge, Bottommiddle: Accelerometer, Bottomight:
Battery packs)
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3.4.2 Software

The microcontroller can be programmed using the National instruments proprietary graphical

programming software known asbVIEW [79]. The processor onboard runs a RTOS which

interacts with the FPGA module which in turn interfaces with hardware 1/O. As the role of the

microcontroller (target) is to perform simultaneous control and data acquisition while the

system i

TRREX prototype, i.e. all data acquisition, control and storage is performed on the target and
there is no need for interaction with a computer (host). Once the target memory is full, data

can betransferred to another storage device using standard FTP protocol over an Ethernet

S
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Figure3.17: Embedded system architecture
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one on the RTOS and the other on the FPGA. An architecture diagram showing the processes

and interconnecting communication paths is depicteBigure 3.17. The Data acquisition
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loop/process on the FPGA records the values at the analog inputs of the target which are
connected to the potentiometers and the accelerometer. This data along with a timestamp
generated by the 40 MHz FPGA clock is streamed through a single DMA (dynamic memory
allocation) FIFO (firstin-first-out) stream in an interleaved fashion and is unpacked on the
data logger process on the Reale VI (RT VI) using decimation before it is saved onto the
onboard memory. Simultaneously this data is also made available to tha tmop process

on the FPGA (via inteprocess communications), which uses the data to compute the
orientation of the chassis and the positions of the legs. This information is shared via current
value tags with the Dynamic range computation loop orRthé&/I that further computes the
rotational velocity of the chassis and the dynamic ranges. This information is again relayed
back to the control loop on the FPGA VI (via tags) which then makes control decisions based
on the position of the chassis and dyi@aranges of operation of each leg and sends out control

signals to the motors.

While to ensure high throughput at high acquisition rates a DMA FIFO stream was the
preferred communication path for data transfer in data acquisition processes, to ensure low
latency (at high execution rates) in control, current value tags were the preferred
communication path between control processes on the RT VI and the FPGA VI.
Messages/Commandsere also used to relay infrequent data that facilitate lossless data
transferand storage (acknowledgment flag, buffer overflow flag etc.). The dynamic ranges
computation process was offloaded onto the He@ak processor to take advantage of

floating-point math which is more efficiently executed by a processor compared to the FPGA
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Figure3.18. LabVIEW - Top level VI's and RT VI front panel

Additional logic in the control loop on the FPGA provided for an initiation time for the legs to
go to their initial positions (and for filtestabilization), for software implemented limit
switches with locking torques to hold the leg in position when fully open or closed and also
for hard stops in cases of emergency. The dynamic ranges logic in the RT VI was implemented

in exactly the same waas in thanathematicainodelof the systemi.e. the ranges of operation
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of each leg get updated (as a function of current rotational velocity) every time an event is

detected.

3.5 Comparison of Simulations versusExperiments

3.5.1 Determination of parameters

Table3.6: Physical/Design parameters of prototype cylindrical TRREX

Parameters Description Symbol Value  Units
. Outer radius of cylindrical surface R, 0.3937 Meters
Geometric _ _ h, 0.3364 Meters
parameters Location of hinge of leg w.r.t. center
h, 0.1259 Meters
Location of center of mass of leg w.r I 0.1967 Meters
hinge l, 0.0364 Meters
Mass of 6chassis M 24 Kg
Mass parameters 15 s s of each 61 e m 0.8720 Kg
(Leg Design A) . . :
Inertia about the rotation axis of 5
) I - 1.2650 Kg.m
chassis B
II‘ralgrtla about the rotatioaxis of each |zq. 0.0082 Kg.n?

In order to compare experimental results with the results produced by the mathematical model,
the physical parameters (dimensions, masses and inertias) of the prototype must be determined
accuratelyand input into the model. The geometric and mass properties can be measured
directly from the prototype but the inertias are extracted from Solidworks® data. Care was
taken to set relatively strict tolerances during the fabrication processes such teafation

of the mass properties of the parts from the Solidworks® model to the physical prototype were
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mi ni mal. The physical parameters for the pro

in Table3.6.
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Figure3.19: Rolling Resistance determination

The determination of the coefficient of rolling resistance was done by experimentally
measuring the deceleration during a free coast, assuming this tot&antealue, and using

the computational model to find the value of rolling resistance that yields this deceleration
[80]. We used two different surfaces in our experiments, as is discussed below. Experimental
resultss howi ng how rolling resistanceFigua¥l9cal cul
The subplots starting from the top are position, velocity and acceleration respectively. The
system is accelerated to a certain speed andallemed tofreely coast to a halt. In this case

a rolling resistance of 0.0035 in the analytical model corresponds to the average deceleration
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experienced by the experimental prototype on this sur&taéc frictionvalues for theesting
surfaces araken from the literatu81-831.Alle nvi r onment aluphaaemei @r s

listed inTable3.7.

Table3.7: Environmental Parameters of Surface 1

Parameters Description Symbol Value Units
Gravity g 9.81 m/s’
Environment Rolling resistance C, 0.0035 -
parameters Coefficient of static friction m 0.5 -
Slope of terrain b 0 Degrees

3.5.2 Comparison of responses

To validate the results from the models, several different cases are presented each representing

a different point in the parameter space efphnoblem. Two different surfaces are considered,
6Surface 106, r epr es eTatled.dwab yterpazzo flaomed hakbwmaysands h o w n

6Surface 26, repr es eTahle@8wabacarpeted laliwayt er s s h o wn

Table3.8: Environmental Parameters of Surface 2

Parameters Description Symbol Value Units
Gravity g 9.81 m/s
Environment Rolling resistance C, 0.0175 -
parameters Coefficient of static friction m 0.75 -
Slope of terrain b 0 Degrees
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Also, three different mass distributions for the legs were considackieved by varying the
masses attached to the ends of the |l egs). Th

from datainTable3.6) , Ol eg desi gn , deshowmidfiablé3d9eg desi gn C

Table3.9: Leg design parameters

Parameters ) l, m e
Units Meters Meters Kg Kg.nm?
Leg Design A 0.1967 0.0364 0.8720 0.0082
Leg Design B 0.2419 0.0500 1.4240 0.0137
Leg Design C  0.2624 0.0529 1.9510 0.0162

Case 1: Leg Design A on Surface 1

First, the system with Leg design A is allowed to perform actuated rolling on sarfBeta
was acquired using the physical prototype and simulation results were generated for this
scenario using the mathematical model. It should be noted that for all the simulations, the

ground interaction forces were monitored after the integratiorchedked to ensure that at

every timestep|F,

< ng‘lfN‘, i.e. thatslip did not occur in the run. The plotsFigure3.20

show the experimental data acquired in comparison with the simulation resgl&ctuations

are started at the 5 second mark (true for caged@low, as well) and the system is allowed

to perform actuated rolling for 20 seconds, then actuations are stopped at the 25 second mark.
The top subplot shows the leg actuations, thediei subplot shows the chassis position and

the bottom subplot shows the velocity of the chassis with time. It can be seen from this
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comparative plot that there is good correspondence between experimentally observed data and
simulation results with the stsn using Leg design A while rolling on surface 1. (Note that

the difference in leg positions versus time between the experiment and the simulation is
because of the fact that the opening and closing angles of a particular [E@g(se8.6) were

reached at slightly different instances of time in the physical system as compared to the

simulation.)

Cylindrical TRREx — Comparison of Numerical Simulation and Experimental results
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Figure3.20: Experimental Validatior 'Leg Design A' on 'Surface.1’

Case 2: Leg Design A on Surface 2

Ne xt the same system is placed on 6Surface
6Surface 16. The actuation period is identic

simulation are shown iRigure3.21. It is seen in this case that the systarts to roll, but is
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not able to roll enough for the next leg in sequence to constructively contribute to the
perpetuation of rolling motion. Thus the system with tlesigin configuration (Leg design A)

A

experiences o6stalldéd and is not able to achi

e

20. It can be seen from the comparative plot

Cylindrical TRREx — Comparison of Numerical Simulation and Experimental results
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Figure3.21: Experimental Validatio - 'Leg Design A' on 'Surface.2

Case 3: Leg Design B on Surface 2

I n the next case OLeg design B6 is mounted
rol | on O6Sur f acnmodifidentical tb €asealc dand thet réswits arepsbown in
Figure3.22. Since Leg design B increases the mass of the leg and moves the center of mass

further out compared to Leg design A, it now enables the systaahteve continuous actuated
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rolling without stalling. Again, simulation predictions are consistent with experimental

observations.

Cylindrical TRREx— Comparison of Numerical Simulation and Experimental results
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Figure3.22: Experimental Validation 'Leg Design Bon 'Surface 2'.

Cas 4: Leg Design B on Surface 1 with Dynamic ranges

For the next case, the system with Leg design B is how allowed to roll on surface 1. Simulations
and experiments showed that the system tends to reach higher rolling velocities quickly and
the legs could ot be retracted in time to avoid the system rolling over an opened leg (i.e.

6ground interferencebd occurs). To avoid thi

W, =4p rad/sec =720 /sewere used(refer section3.2.3. (Note that for all previous

simulations static ranges were used, i.e. the range of operation of the legs did not depend on
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velocity. Equivalently in the simulatiod, =20 10"° rad/sewas used). Actuated rolling is

allowed for 10 secorsddand then the system is allowed to coast. The comparative results of

experimental data and simulation are showRigure3.23.

Cylindrical TRREx — Comparison of Numerical Simulation and Experimental results
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Figure3.23: Experimental Validatio - 'Leg Design B' on 'Surface 1' with Dynamic Ranges

Case 5: Leg Design C on Surface 2

In this case Leg design C is mounted on the system which in comparison to Leg design B
further increases the mass of the leg and moves the center of mass out tosvapdsftthe
leg. Actuated rolling is allowed for 10 seconds and the system is allowed to coast to a halt. The
comparative plots of simulation predictions and experimental data are shéwguie 3.24

and a goodarrespondence between the two is observed.
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When the system with Leg Design C was place®arface 1 (a surface with lesser rolling
resistance than Surface 2) it was observed from both simulations and experiments that the
system is more prone to groundarference and dynamic ranges need to be employed to avoid

it.

Cylindrical TRREx — Comparison of Numerical Simulation and Experimental results
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Figure3.24: Experimental Validation 'Leg Design C' on 'Surface 2'

By comparing the results at different points in parameter space with lmeliperimental runs

and observing that the simulation results match well with the experimental data in all cases,
the dynamic model of the cylindrical TRREX is validated. The developed model can thus be
used to predict accurately enough the behavior ef abtual physical system and has
applications in analysigjesignand controloptimization of the system for a given target

environment.
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For example, @me generatharacteristic trendsbserved as we go from leg design Adg

designB toleg design C (aimingthesame motor capacity) on a given surface weae the
tendency to stall decreases, bt tendency for ground interference increa3ésese same

trends were observed when rolling resistance decreases while keeping a constant leg design.
So in atarget environment with a higher rolling resistance, a leg design with more mass set out

at the tip will tend to roll without stall, but a controller incorporating dynamic ranges with a

lower limiting velocity W needs to be empley to avoid ground interference.

The experimentally validated mathematical model for the cylindrical TRREXx presented in this
chaptercould also be applied to study actuated rolling performance by defining performance
parameters. One example performanceipater that captures both stall tendency and ground
interference tendency isié peak velocity achievetefore the second actuation. This is an
indicator of starting accelerati@md (fromFigure3.21, Figure3.22 andFigure3.24) increases

from 20 deg/sec to 50deg/sec to 65deg/sec as we go from leg design A to B to C, respectively,
on Surface 2. Another interesting performance patamthat can be found by letting the
simulations run until a steady state is observed is the maximum steady state velocity that is
attainable by the system on a given surface.

3.5.3 Discussion on deviations between model and experiments

Although the simulatiomesults exhibit a good match with experimental data, the match is not
exact. The differences between the two can be divided up into two main categories: (1)
deviations of the mathematical model from the true response of the system due to inaccurate

modelng assumptions, and (2) deviations of the mathematical model from the true response
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due to experimental errors. Some modeling assumptions that are bound to introduce a deviation
are due to the fact that the movements of the parts of the linear motoignered, and the

motors were assumed to exactly generate the desired motion of the arms. Inaccuracies could
also be due to the relatively simple friction and rolling resistance models used. Errors
introduced into the experimental data could be due to inatestimation of the physical
parameters (both design and environmental) and due to construction challenges such as
reducing the fre@lay of the legs, balancing the system so that the center of mass is exactly at

the center of the chassis, and fabrivgfperfectly circular contact surfaces.

3.6 Conclusions

Mat hemati cal model s that describe the O0actuec
the TRREX were developed using the Newfaner and the constraint relaxation approaches.

An ad hoc control stat egy to avoid d&éground interferer
discussed. Initial simulationsuggestedhat actuated rolling could be used as a mode of
locomotion in conducive environmeraad also omslightly inclined terrain if needeéurther,

the castruction and software development of a physical prototype that facilitates model
validation was presented. The results generated by the model were then validated by comparing
them with data acquired on experimental runs using the prototype. The compeasdone

for several different configurations on two different surfaces, and in each case good

correspondence was observed between simulation results and experimental data.
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The experimentally validated dynamic model presented in this chapter can thasdot

predict accurately enough the behavior of the actual physical system and can be used to answer
guestions concerning the capabilities and limitatiorth@actuated rolling of a TRREX. It not

only has direct applications in guiding tdesignand ©ntrol optimizationof a Spherical

TRREX but also provides a foundation fortherwork on dynamically modeling a Spherical

TRREX.
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Chapter 4

Modeling and Mobility Aalysis of
the Spherical TRREX

4.1 Introduction

This chaptempresents the development of a mathematical model that focuses on the dynamics

of thesphericalTRREX in the rolling mode, i.evhen it is a sphere and can steer itself through
actuations that open out its legs and shift the center of mass of the system to achieve a desired
direction of roll. Three case studies are presented that demonstrate theelling and
maneuvering cabilities of the TRREX on flat and sloped terrain. Further, two parametric
anal yses are presented that provide an insi
propel up a slope, and how its maneuverability while rolling down a slope, depet& on i

design.

4.2 Analytical Model of Actuated Rolling of the Spherical
TRREX

Spherical tumbleweed rovers have been studied in detail, and mathematical models that take
into account rolling, bouncing, slipping, aerodynamic forces, and collisions with rockss can b

found in the literaturd0, 42, 43] The spherical TRREX presents a slightly different and more
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complicated dynamical system due to the fact that it is a #odty system which accepts
control inputs that can be used to dictate to a certain extent the motion of the rover. In this
section the governing equations for the Spherical TRREXx during rolling are developed from
first principles following the classical Nean-Euler formulization. Both slip ando slip
situations are consideredror details on a model of the Spherical TRREX using the constraint
relaxation technique=fer Appendix B

4.2.1 System Description

Figure4.1: Left - Spherical TRREX in Rolling mode, RighSimplistic line plot of
eguvalent multitbody system

The Spherical TRREX during rolling is considered as a roldly system with nine bodies;

one central fram or Ochassis6é and eight 60l egsdé that
singledegreeof-freedom hinge. The central chassis has six degrees of freedom in three
dimensional space (three rotational and three translational). The corresponding six second

order ordinary differential equatis of motion érm the basis for this analysis. Three of these
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eqguations of motion come from the application of conservation of angular momentum, and the

three remaining equations re®thédystemr om appl yi

The legs are labeled 1 thorough 8 as showRignire4.1 and are assumed to have identical

mass properties. Single point contact is assumed at all times between the spherical surface of
the TRREXx andhe terrain and also it is assumed that the contribution of the movements of the

parts of the motors that actuate the legs to the overall dynamics of the system can be considered

to be negligible.

4.2.2 Definition of Frames

The following convention is adopted &ssign reference frames for each body in the multi

body system the origin of the body reference frame is placed at the center of mass of that

body and its unit aes are aligned in the directionf t hat bodyds principle

at Figure4.1, if the point B, denoted by the diamond marker, is the center of mass of the

chassis (excluding the legs) and the direct%r,lgE and Iggare its principle axes directions,

then the 6B fB,&meame witergio at 8 dndonit axeds, k and €.

Similarly, if the poinﬂj is the location of the center of mass of fdeg (denoted irFigure
4.1 by circular markers) ané , E and E are its principle axes directions, th€pis a frame
with its origin at Cj and unit axess Eé IEC and l% (for j=1 to 8) Apart from these nine

reference frames (sddgure4.2), an inertialy fixed reference framed is ddined, whose

origin is arbitrarily placed at the poiaf contact betweethe sphere antthe ground at a given
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instant of time (e.ct = 0) and Whosé% axis is normal and pointing out of the terrain surface

(the E@ - j6[ plane is parallel to the terrain surface). The chassis framd3(ifeame) inFigure

4.2 is aligned with inertial frameD at the instant shown.

Figure4.2: Frame definitions forhte Spherical TRREX (Leftlooking along thd% axis,

Righti looking along the]% axis)

4.2.3 Derivation of Governing Equations

Using a NewtorEuler approach, along with Euler angles to represent the spatial tioiemia
the system, a set of 12 first order ordinary differential equations describing the dynamics of
the chassis can be generated (the motion of the legs relative to the chassis will be treated as

control inputs), where the 12 variables are: the positairihe center of mass of the chassis (

85



X551 Yeor Zgo) IN the%, jéﬁ% directions with respect t@ frame, the corresponding 3 inertial

velocities of the center of mass of the chas¥ig (Y 55, Zg0), the 3 Euler angles that represent
the orientation of theB frame embedded in the chassis with respect to the inertial frame (

y - g - )andthe 3 angular velocitie®fs, W, 1) of the B frame (and hence the chassis)

with respect to the inertial frame as expressed inBhfzame coordinates.

The 3 kinematic equations relating the Euler angles @ - ) to the angulavelocities for a

3-2-1 rotation sequence are given by:

0 &l sin(Atan( } cos( )fan( )7,
q 1&20 cos( /) -sin( ¥ g W (4.1)
| €0 sin(f)sec( g cos( Ysec( )

It shauld be noted, however, that the matrix in equafh) becomes singular whenis an

odd multiple ofp/2 andcan lead to numerical instabilities.

A more robust method is to represent the orientation of the chassis using quaf@#jons

Employing this technique replaces the 3 equatiori4.i) with 4 equations that propagate the

quantities Qyg, G5, GgandCsg . The relationship betweeflyg, 5, G5 Gz and the angular

velocitiesare given by:
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Thus when using quaternions to represent otliemis, there are a total of 13 equations and 13

1 Q2B
f Gss

< = q|—)—) ()

NI

DD DD~
S X

<
[os]]

N
os]]

(4.2)

states that completely describe the system at any given instant of X/ g6 Zgo:

Xs01 Y 501 Z5orCbe s + Obe + Ghe Mg + Wy @ndWz)

The 3 state equations corresponding to the sXgte¥ g, Z5 areobtaineddirectly from the

definitions of the states, and equat{dr2) gives the state equations corresponding to the states

e+ Ghe: Ce» e

angular momentum of the system can then be used to generate the rest of the state equations

Newt onds

second

| aw

and

t

h e

r el

(corresponding to the state€§s, Vg0 250, g+ We» ¥4). The redtionship between external

at.i

torque and the angular momentum of the system is presented first, followed by the application

of Newt onods

second

| aw.

From the NewtorEuler method described in Meirovit¢85], the ptal external torque about

B acting on the syster(TFB Sys) is related to the change in angular momentum of the system
! ext

about B as follows:

(4.3)
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In this equationéﬁBvSyS is the angulamomentum of the system abobk with respect to the

inertial frame,M is the mass of each Ie@y is the inertial velocity of the cégr of mass of
O

the chassis an8\70/ is the inertial velocity of the center of nsasf thej" leg. The term
0}

_ 8 _
0\7% *ma OTQ / appears because the torques and angular momentum are written about a
=1 o

point B which is not the center of mass of the entire sy§&sh

mL§¢
4 VP

Fy

=

Figure4.3: External forces on the Spherical TRREX.

Next, in equatiorn(4.3) the external torques aot on the system are written in termstiod
forces they are derived from, and the right hand side is written in terms of inertias, angular
velocities and correction termasising from kinematic relatiorj65]. The external forces acting

on the system are forces due to gravity and interaction forces between the grouhd and
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sphericakurface. The ground modeled as flat terraf@although it can be sloped with respect
to the horizontal)and IfN is the normal reactiorf, is the frictionafforceand IfR is the rolling

resistancdorce These foces are illustrated iigure4.3, where for ease oflustration the

terrain is portrayed as horizontal.

The sum of external torques abddt acting on the system is:

8 o
— - - — - oad. o
(TB'SyS)ext - I"/F‘V3 3( F fr FFN) mtja:.l g% g (44)

where ﬁy is a vector pointing from the center of mass of the chassis to its point of contact
B

with the ground an(fc/ is the vector fronthe center of mass of the chassis to the center of
B

mass of th¢™ leg. The gravity vector is denoted heredpy

The first term on the right hand side of equa(®i) can be written as:

° B chassic 1S the @gular momentum of the chassis abBuwith respect to the inertial

where

frameand °h

B.eq(j) 1S the angular momentum dfdj™ leg abouB with respect to the inertial

frame.
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But it can be showf65] that the angular momentuaf a body about a point other than its
center of mass can be written as a functiahe¥elocity of the center of masadtheangular

momentunof the bodyabout its center of mastherefore the above equation can be rewritten

as follows:

d/s~ d/a-~ 8°d7ﬂ 7do_’ . R
a(ohBSVS)_E(OthhaSS') ?l%a(ohple(g)b E%‘% [’T?I_vaé E

Using the product rule and transport theoiféll to write the quantities in appropriate body

frames we have:

s _
diop Y- _d(op 08 O
E( hB,sys) _E( hB chas:;|) +w h B chassis
o *jd 7_'7] .
8 8edt_(ohcj,leg( j))+ w goh'lj,leg( )
+3 &
jﬂgm%—v 30+ oéﬁ/ﬁ =3 670—(/3 o+ 6—3{} 3 g
C c C% % C B 9 q/o QA; o =
(4.5)
_ B 2
where ch = —d%’q is the velocity of center of mass of tffeleg with respect to thé
% dt &%

frameand Oéc/is the inertial acceleration of the center of mass of'ttheg.
(0]

Substituting equation@.4) and(4.5) into equation(4.3) we obtain:
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Jd Tae 5. or
aeﬁ( e e )+ W7 P ey
L@ (4.6)
x as._ 6o, o8 Oc ¢
as G oo, e n 3n ¢
Tame /B o ¢ B = /o0 ¢
e %I_—> 3 Ox Og, @" C
r ac +V, V,
éae 88 “% A %o 9% ¢

Recall thatthechassiseference frame axé : ]5E and IEE were by definition chosen to be the

principal axes, thus let the principle inertia components computed tiaseat axes H%,IyE

and| respectively. Writing the angular velocity of tig frame with respect to th® frame

as’ii? = %F—E + 1l EE +;§EE, it can be show[65] thatthe angular momentum can be written

in the body frame ah, ,...= EWX@E jo Wed & I+ v@gf and consequently the quantity
Ed __ o
E(Ohs.chassis) + W 3% 4. in equation(4.6) can be written in the body frame as,
°d (o + OB 3%R i E
dt( h ChaSSIS) thhassis (:|x§ % (I-yTB lZE) '% gglfB
+(IyEWyB -( zB xB) I; =
+(IZEWZT3 e he)We ”6*5) E
Similarly, letl S, ,ch and | be the pinciple inertia components about @e andl%

axes, respectively, of th# leg, and letdy be theangle at a given instant of time between the
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E axis and%- jgf plane measured in the positl@edirection (seeFigure 4.2). Then the
angular velocity of theC_Jj frame with respectot the O frame can be written as
T A = Jf%é M jdk§§ (note that the single degree of freedom

hinge between each leg and the chassis restricts the angular motion of each leg to motion about

(
(
(

a single axis, ie. Bifi=0 ) and the guantity

(el

Nell

g/~ L
Op 075 O . . . . .
Ty ( th,Ieg( J.))+ w3 hch,eg( ) in equation(4.6) can also be written in the leg frame in terms

of inertias, chassis angular veloci#tiehassis angular accelerations and leg angular velocities

and leg angular acceleratiorg (andd ).

Thus, equatioi4.6) is a vector equation that can be written with the system mass parameters,
geometric parameters, environmental parameters, leg motion inputs and the 13 states which

are all known at the initial time on the right hand side and the terms contaiva six first

derivatives of the states{(s, Vg5, 250, W5, Wy, ¥) on the left hand side. Thus the vector

equation(4.6) represents 3 equations and 6 mowns. Note thaa rotation matrix computed
from the orientation quaternion of the cha¢8ts, 86]will need to beused to transform the
required vector quantitiei equation(4.6) into the chassis framevhen formulating these
equations in a form that can be solved numeric&y example, in the process of preparing
equation(4.6) for numerical integrationd = -g'% (when the terrain is horizontal) needs to

be expressed in thB frame as,g = QXEEB R J?BE g . using:
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?gxﬁ fll::l _ 7?. 0 ,'
1 gy@ AE B [C]O | ? |
:' ng ;,/ i~ Ig !
This is accomplished by using the relat|86, 86}
S(QOBZ + qlBZ 'QZBZ 9382) 2( Qs %e O an) 2( 4% qg
[C] g 2 qlB G -Gs an) ( q)B2 'qu q'Bz qéz) 2( Gs Qs QB'}%)
€ 2(Chy s * Ch Cbo) 2( el -Gy (% 9 85 )

Depending on which frame is originally used to compgeand IfN , these force vectors may

need to be treated similarly when preparing equdtd) for numerical integration.

Now, applying Newtonds second | aw to the sys
M %g, + ,' 2, =My #my F B+ G (47

In theabove equatiorM is the mass of the chassi® is the mass of each Ie@as/ and Oéc/
(@] lO

are the inertial accelerations of the center of mass of the chasdiseaadceleration of the
cener of mass ofhej™ leg, respectivelyand the right hand side of the equation is the sum of
all of the external forces acting on the syst@ravity, friction, the normalreactionof the
ground acting on the roveand rolling resistancirces).At this point the development splits

into two cases (i) when there is no slip and (ii) when there is slipping. Note that in both the

«|Fu|&, whereC, is the coefficient of roihg
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resistance between the terrain and the surface of the TRREﬁaeda unit vector opposing

the motion of the chassis.
No Slip:

When there is nelip an additional kinematic constraint given ﬁyg/ = OB 3rB/ is saisfied
(e} P

and therefore the inertial acceleration of the center of mass of the chassis can be written as,
_ 6d o
“a :—(OWB 3, ) (4.9

However in this case the frictional reaction foﬂéfebecomes an unknown that needs to be
solved using equatio(®.7) and monitored to determine when slipping starts to occur. The
condition forno slipis given by |F, |< m|F,| where Mis the coefficient of static friction

between the terrain and the surfacéhef TRREX.

Thus the vector equatiof®.8) represents three equations in the same set of 6 unknowns
X551 Y801 o Wig » We» ¥ . Therefore for th@o slipcase equationg4.8) and(4.6) together

give 6 equations anduihknowns that can be solved for by standard linear algebra techniques.
Slip:

When theno slipcondition is violated then the frictional force is known and takes on a value

given byF, =m ‘IfN‘ﬁ, where& is a unit veatr in the direction opposite to the direction of
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velocity at the contact point, and equat{dry) now represents 3 equations in the 6 unknowns
X300 Yoo ZeoWig » e, 4. Thus for the slip case, equatiofs?) and (4.6) together give 6

equations in 6 unknowns that can be solved by standard linear algebra techniques.

Thus by switching between two sets of 13 state equations (3 from the definition of the states,
4 from equatior(4.2) and 6 from either(4.8) and(4.6) for theno slipcase o1(4.7) and(4.6)
for the slip case) the system dynamics during both slip and no slip is modeled.

4.2.4 Integration of state equations

A flowchart illustrating the algorithm used to monitor slip and switch between the two sets of

equations is shown iRigure 4.4. At the first timestepno slipis assumed and the ground

reaction§qfr and IfN are computed using equati¢h7). Then theno slipassumption is checked

by verifying tha*lffr

<ng‘lfN‘. Also the initial conditions are checked to ensure that

WP e,

” If both of these are true then the states areggated using the 13 state
P

6\7% —
equations corresponding to the no slip case; otherwise the 13 state equations that model
slipping are used to propagate the states. The state equations are switched back from the slip

to the no slip equations Wh@nB/ becomes equal t6;2 s r‘y (within a specified tolerance).
o P

Note that the implementation of quaternions typically requires a periodic normalization of the
guaternion such that it remains of unit magnit{&#% 87] Thus, given the initial conditions,

these equations can be integrated to find the time evolution of the 13 states that completely
define the system. The 05 evds5uded to parferg that o r

integration.
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Assume no slip and
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with o6nol s

equations

False
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Figure4.4: Flowchart of algorithm that switches between slip and no slip cases.
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4.2.5 Control inputs to the model

RecallingFigure4.2, if g, is the desired angle at a given instant of time between%tbgis
and Eg - jE[ plane measured in the positl@_&jirection then the desired input motions of the

legs (functions of time) are given gy, de andé?id for the eight legs i.g=1 to 8. It is assumed

in the modethat the actuators (linear motors) generate the desired motion exactly.

Initial studies assumed that the angular acceleration of édlégllowed a cubic polynomial

(in time) from rest position to rest position. But it was obserfreth experiments on a

cylindrical prototype that a piecewise constant acceleration of the piston (of the linear motor
between the leg and the chassis), when transformed to the angular acceleration @fdthe leg

better characterizetie opening and closing motionthie leggseeAppendix A).

4.3 Case Studies

In the following sections, various case studies are presented that demonstrate different
capabilities of the TRREX while performing actuatedimgl The quantities that serve as inputs

to the mathematical model include geometric parameters~(gaee 4.5), mass parameters,
environmental parameters, and the motions of the legéuset#on of time as dictated by the
roer 6s control system. The physical design p:

studies are listed imable4.1.
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Table4.1: Physical/Design Parameters of the Spherical TR&fex for case studies.

Parameters Description Symbol Value Units
Outerdiameterof Spherical surface D, 1.0000 Meters
Geometric _ _ h, 0.4705 Meters
parameters | pcation of hinge w.r.t. center
h, 0.1275 Meters
. . l, 0.3317  Meters
Location of COM of leg w.r.t. hinge
l, 0.0690 Meters
Mass of O6chassisbd M 47.4224 Kg
Mass of each 6l egd6 m 6.0341 Kg
[ - : P
Mass 8 3.6273 Kg.m
parameters Inertias of the chassis lg 3.6273  Kg.n?
| 5 6.6036 Kg.nm?
le 00773  Kg.n?
Inertias of each leg le, 0.2385 Kg.n?
le 0.1836  Kg.m?

Figure4.5: Geometric parameters of Spherical TRREX.
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4.3.1 Case study I:End over endActuated rolling.

In this case study, the rover is pdal on a terrain type on Mars (that has the environmental
properties listed iMable4.2) and is made to roll along a straight line. It is initially started at

rest with an initial orientation such thaening €gs 1 and Simultaneously starts tonake the

system roll in the positive% direction. As the TRREX begins to roll appropriate legs are
sequentially actuated to maintain a continuous rolling motion in the desired direction. These
leg motions are inputs to the system provided by the controller and are shown in the-top sub
plot of Figure4.6. Note that in this case stugyairs of legs (i.elegsl and5, 2 and8, 3 and7,

and 4 and 6) are chaséo be actuated simultaneously.

Table4.2: Environmental Parameters for Case Study I.

Parameters Description Symbol Value  Units
Gravity g 3.711 m/g
Rolling resistance C, 0.05 -
Egya:mgtrzfsm Coefficient of static friction m 0.15 -
Coefficient of Kinetic friction m 0.12 -
Slope of terrain b 0 Degrees

Using the mathematal model developed in the earlier section to simulate the system dynamics
given all the inputs, the time response of the 13 states that describe the motion of the chassis
can be generated. The time evolution of the 6 states that correspond to trahslat@magyular
velocities of the chassis frame are presented in the lower twplsisbof Figure 4.6. The

remaining states give its position and orientation information and this is presented in the form
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of a timelapse plot of the system in 3 dimensional spadégare4.7. It can be seen from
these figures that by actuating the legs as shown in this case study the TRREXx can be made to

roll end-overend, seHpropelling it®lf in a straight line and gradually building velocity.

Spherical TRREXx Actuated Rolling — Case Study
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Figure4.6: Case Studyl Leg inputs and time evolution of states corresponding to
translational and angular velocities of the chassis.
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Path of COM of Chassis
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Figure4.7: Case Studyd Time-lapse plot showing the evolution of states (orientations and
positions) in 3D space.

4.3.2 Case study II: Actuated Rolling on chassis demonstration

Another technique to sefiropel is to makehie TRREX roll on its chassis as opposed tc end
overend actuated rolling. Simulations show that this increases the rolling capacity of the rover

in certain situations. This is demonstrated here by placing the same TRREXx design as the

previous case study darrain that has a higher rolling resistan€e £0.1, used to simulate

sandy terraiff76, 77)) and keeping the rest of the environmental parameters the same as in
Table4.2 (the environmental parameters for Case Study Il are summaridedia4.3). On

this terrain, sefpropulsion using endverend actuated rolling as shown in Cased$ | was

not achievabl e, i .e. the TRREXx Ostall edd.
to rotate the chassis sufficiently such that the next actuations in sequence could constructively

contribute to perpetuate the rolling motion. Actdatelling on the chassis however

101



successfully selpropelled the TRREx and the results of this simulation are shoWwigume

4.8 andFigure4.9.

Table4.3: Environmental Parameters for Case Study II.

Parameters Description Symbol Value  Units
Gravity g 3.711 m/g
Rolling resistance C, 0.1 -
Egyﬁggfsm Coefficientof static friction m 0.15 -
Coefficient of Kinetic friction m 0.12 -
Slope of terrain b 0 Degrees

To maintain rolling on the chassis, the inputs provided by the controllesybgmot of Figure

4.8) are such that both the legs on either side of the chassis actuate symmetrically. From the
lower two subplots ofFigure4.8 and fromFigure4.9, it can be seen how the TRREX starts at

an initial orientation such that it is resting on its chassis, and as the actuations start it begins to

roll on its chassis. The velocity builds and quickly reaches a stadywith a mean of about

0.45 m/s. Note that the direction of motion, and the velocity of the center of mass, is]%'n the
direction, since the initial orientation of the chassis &geare4.9) is such that thecg - jE[

plane is parallel to the]E6 - I% plane. When the actuations are stopped there is not much

coasting and the system quickly halts because of the high rolling resistance of the terrain. Note
that the maximum steady state velocity that can be achieved is dependent on the capacity of
the motors that actuate the legs, since the motors have to be capable of retracting the legs with

sufficient speed to keep them from hitting the ground as the roils. For the case studies
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presented in this chapter, the motor specifications used to generate the input leg motions were

based on the motors used in our cylindrical TRREX prototype experiments.

Spherical TRREX rolling on chassis — Case Study
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Figure4.8: Case Study Ii Leg inputs and time evolution of states corresponding to
translational and angular velocities of the chassis.
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Figure4.9: Case Study } Time-lapse plot showing the evolution of stafegentations and
positions) in 3D space.

4.3.3 Case Study llI: Controlled Rolling/Maneuverability demonstration

In this case study a TRREX design with parameters as listeabie4.1 is placed on the same
terrain adn Case Study Il except now the slop@id 5 (negative sign implies the TRREXx

rolls downhill in the positive]E6 direction as shown iRkigure4.11) and there are obstasl on

the terrain that it needs to avoid (Sexble4.4 for a summary of the environmental parameters

for Case Study IIl). Note that in all the simulations where the terrain is inclined, the inertial

frame is defied such that th% - j(—)f plane is parallel to the terrain plane (as showFigure

4.11).

Upon obstacle detection, optimal evasive maneuver decisions need to be made by the controller

in real tme to generate the leg motions that will serve as inputs to the mathematical model
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developed. Vision systems and sensors for obstacle detection and algorithms for optimal
control for avoidance are not discussed here, but this case study demonstratgs that b
implementing a particular set of leg motion inputs (via the controller) the design architecture

of the TRREx all ows for 6écontrolled rollingo

with a vision system to create an obstacle avoidance systehefdRREX.

Table4.4: Environmental Parameters for Case Study lll.

Parameters Description Symbol Value  Units
Gravity g 3.711 m/g
Rolling resistance C, 0.1 -
Eg:gggg?sm Coefficient of static friction m 0.15 -
Coefficient of Kinetic friction m 0.12 -
Slope of terrain b -5 Degrees

The inputs to the eight legs are showrhe top two suiplots of Figure4.10. The simulation

results generated by the model are shown in the lower two subpfogricé4.10and inFigure

4.11. Att =0 seconds the TRREX is placed on the obstacle field and begins to roll downhill as
leg 1 is openedut directly in its path 3 meters ahead is an obstacle that it needs to avoid. The
evasive maneuver begins by actuating &at 4.4 seconds and then following that up by
actuating legs 4 and 1 to veer to the right to avoid the obstacle. This puts it on a collision course
with another obstacle which it avoids by veering to the left by actuating legs 7, 3 and 6. A third
obstade on the path is similarly avoided by continuing to veer left by actuating legs 7, 3, 1 and

8. (Note that the maneuvers for this case study were achieved via an iterative process; an
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optimal control scheme will need to be developed before the TRREX cancbessfully
deployed on Mars, but this is beyond the scope ofthiy) This case study demonstrates the
maneuverability of the particular TRREx design on a sloped obstacle field, but more
importantly it demonstrates the capability of the TRREx tongkadirection and avoid

obstacles while it is rolling.

Spherical TRREx avoiding obstacles down a slope — Case Study
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Figure4.10: Case Study IIT Leg inputs and time evolution of states corresponding to
translational and angular velocities of the chassis.
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Figure4.11: Case Study Il Time-lapse plot showing the evolution of states (orientations
and positions) in 3D space.

4.4 Parametric Studies

The ability of the spherical TRREX to sglfopel on flat terrain and to ralown a slope while
maneuvering itself around obstacles was demonstrated above using case studies that employed
a particular set of TRREXx design parameters. In this section, parametric exploration of the
design space is undertaken in order to investigate the mobility of the TRREXx (self

propulsion capacity and maneuverability) depends on its design parameters. The first study
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explores the effect of the rover design on its performance up an incline and the second

investigates the effect of the rover desognits maneuverability down an incline.

Table4.5: Three sets of chassis design parameters used in parametric analysis

Chassis Design Design A Design B Design C |jits
Parameters (A1, A2, A3) (B1,B2,B3) (C1,C2,C3)

D, 07500  1.0000  1.2500  Meters
Geometric 1, 03393 04705 05991  Meters
parameters

h, 0.1275  0.1275  0.1275  Meters

M 31.7883 474224 58.8744 Kg

| - : : : m?
Vass . 1.3026  3.6273  6.8847  Kg.m
parameters | 13026  3.6273  6.8847  Kg.n?

L 21377  6.6036  12.9550  Kg.m?

For these studies, a total of 9 TRREXx designs that cover a wideohtigedesign parameter

space were employed. The chassis mass properties were varied by selecting three different
rover diameters and scaling their mass and inertia properties using a Solidworks® model. For
each rover with a specific diameter, leg masgertes were varied by adding masses at the
ends of the legs, and using a Solidworks® model to calculate their new center of mass
locations, principle axes, masses and mass moments of inertia information. To aid in the
comparison of the performance of ttiéferent designs, the masses added at the ends of the
legs were chosen as proportions of the total mass of the rover i.e. for each of the designs with
different diameters, masses that were 0.3%, 2.5% and 5% of the total mass of the rover were

added at thends of the legs. Adding a mass to the leg affects all of its design parameters, thus
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in total there were 3 distinct chassis parameters (listeGable 4.5) and 9 different leg

parameters (listed ihable4.6) that were used in this study.

Table4.6: Nine sets of leg design parameters used in parametric analysis.

Leg Design Al A2 A3 Bl B2 B3 C1 C2 C3

|x(m) 0.1683 0.2231 0.2590 0.2488 0.3317 0.3913 0.3301 0.4327 0.5148
| y (m) 0.0335 0.0518 0.0555 0.0418 0.0690 0.0748 0.0531 0.0869 0.0953
M (Kg) 1.9249 3.2076 5.3690 3.8746 6.0341 9.6234 6.4201 9.4166 14.462

l,e, (Kg.mP) 00168 0.0195 0.0216 0.0706 0.0773 0.0826 0.2002 0.2127 0.2260
|ch. (Kg.n¥)  0.0319 0.0521 0.0654 0.1441 0.2385 0.3054 0.4246 0.6858 0.8942

Iz(;j (Kg.n?)  0.0179 0.0404 0.0551 0.0838 0.1836 0.2521 0.2530 0.5258 0.7347

Total Mass of
System(Kg) 47.2 57.4 74.7 78.4 95.7 1244 1102 134.2 1745
[M +8r‘r1]

4.4.1 Parametric Study |: Effect of Design on Ability to Scale Inclines

The goal of this study was to investigate hthe slope climbing capacity of the TRREXx

depends on its design. This was done by finding the maximum #lgpehat each of the 9

designs could successfully climb on 6 different terrain types on Mars, each having a distinct
combinaton of surface properties as listed Trable 4.7. 6Terr ai@ =0005, wi t |

m =0.3 andm =0.24, represents the most favorable terrain, which is hard and rough (like a

rocksur face) , whwithh G =®1T7e=01%andvy 90112, @presents the most
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unfavorable terrain, which is slippery and soft (like sand). For all the simulations, gravity was

set atg =3.711m/* (to simulate gravity on Mars) and the coefficient of kinetic friction was
set to be 80% of the coefficient of static friction, irg.=0.8 g [77]. Also, in this parametric

study, actuated rolling on the chassis was used tepggiiel as it was observed in the case
studies presented earlier in tbhlsapterthat this technique otierforms enebverend actuated

rolling.

Table4.7: Six sets of terrain types used iaBmetricStudy |

Terrain Parameters

m=0.15,m =0.12

m=0.3,m=0.24

C, =0.00c Terrain | Terrain IV
C, =0.05 Terrain Il Terrain V
C, =0.1 Terrain llI Terrain VI

For each design, the procedure followed was to start by placing the design on one of the terrain

types with a slopep that the rover could successfullyinsb via selfpropulsion. Then, in
subsequent runs the slope was incrementally made steeper until a maximun, slopas

found beyond which the design failed to be able tom@pel up the slope. This procedure

was then repeatedrfthe rest of the terrain types for that design, and this whole process was
repeated for all 9 designs. In all, 54 values of maximum slgpe are found in this study,

since there were 9 designs studies over 6 different terrains.

Three main types of failure to scale the slope were observed. On terrains where the rolling

resistance was low, and the coefficient of static friction was high enough so that no slipping
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occurred, the designs tended to fail because the steepness of treestdbpe TRREX rolling

backward in such a way that it could not recover into a forward rolling motion. On terrains that

had a higher rolling resistance, and on which the coefficient of static friction was high enough

so that no slipping occurred, thedesiy t ended to f ai l because of
reach a halt and get stuck because the previous actuations did not sufficiently turn the chassis
such that the next actuation in sequence could contribute to rolling up the slope. On terrains in
which the coefficient of static friction was not high enough to prevent slipping, the designs

tended to fail because too much slipping led to a lack of appreciable progress up the slope.

Thus, for the purposes of this study a rover design was said to haessutly scaled the
given sloped terrain if, starting from rest, it was able to complete more than one revolution of

selfpropelled rolling up the slope and in the process had not slipped more than 75%. More

specifically, if at leasi % revolutions of actuated rolling on the chassis was achieved and a

distance of at leas0(25* 1.253%D,) along the slope was covered during that time, the rover

was said to have successfully scaled that slope.

The results are presentedrigure4.12in the form of bar graphs for each terrain. On terrains

IV, V and VI the static friction was high enough that none of the rover designs exhibited slip
during selfpropulsion and an almost linear coatsbn was observed between the maximum

slope the design was able to climb and end mass that was attached to the leg. Results suggest
that i1 f the terrain is favorable, the TRREX

degrees. For many of the tans studied, however, slipping was found to occur. This was
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observed with rover designs A3, B3, C2 and C3 on terrains |, Il and Il which had a lower
value of static friction. It should be noted here that only when slip occurs do the values of static
andkinetic friction flow into the governing equations of the system. For example, if on two
terrains the values of kinetic and static f
either terrain, then the dynamics of the system on both terrainseagikactly identical. This

explains the exact same maximum slope values obtained for designs Al, A2, B1, B2 and C1

on terrains I, Il and Il and terrains 1V, V and VI respectively. On the high rolling resistance
terrains 11l and VI, designs Al and B1 weret able to sefpropel even on flat ground, while

C1 was able to do this with difficulty but was unsuccessful at scaling even a 0.1 degree slope.

Thus, from the performance of the various designs on the different terrain types it is clear that
having a mas distribution of the leg such that there is more mass near the end is advantageous
for the rover to be able to scale steeper slopes as long as slip does not occur. On unfavorable
terrain with a lower value of static friction, however, the designs wiiiglzer end mass tend

to slip more, thereby nullifying the advantage gained by adding the end mass. In some cases
when slip is occurring the rover with a higher end mass might even do worse than a rover with

lower end mass. For example, the maximum slogetth C3 coul d <cl i mb or

(b,

max

=5.6') was significantly less than what C2 was able to achigyg, =6.9) on the

same terrain.

Similarly, the larger diameter chassis designs fared better overall than their smalleéediame

counterparts, except in the cases when slip

was able to climb a steeper slaofe,,, =6.4") than the larger diameter design @3,., =5.6)

112



. In making this comparison betweayvers of different diameters, it should be recalled that

the ratio of end mass to total mass was kept constant across the different diameters (and not
the end mastself). Note that it is important to consider the total mass of the rover (as found

in Table4.6), in addition to performance metrics, when selecting a design. For example, rover
B2 outperforms rover B3 for terrains |, 1l and Ill, while B3 outperforms rover B2 for terrains

IV, V and VI, but B3 has 30% more mass than 8@, unlesshe characteristicef the terrain

to be exploredare known to be similar to IV, V and Vand theimprovedperformance on

these terrains is essential, B2 may be a better chgieen the high cost per kilogram of

sending rovers to Mars.
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Figure4.12: Results of the parametric study that investigates the effect of the design of the
TRREX on its ability to scale inclines (only designs able to scale a slope greater than 0.1
degree are shown).
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4.4.2 Parametric Study Il: Dependence of Maneuverability down a slope on
design

This parametric study attempts to characterize the dependence of maneuverability on the
rover6s design as it is rolling down a sl o

parametes shown inTable4.5 andTable4.6, respectively) are each initially placed atop the

sl oped terrain F—Es jl.éE pldne is driented perpdécular to theeterrairs surface

and thelEE axis points up along the slope (d&gure4.13). The terrain has the same surface
properties as OTerrain 11 leédifferenevdlues of sldpd, e pr e
b= 40, 20, 30, are considered here. As the rover begins to roll down the slope, one

actuation of Leg 5 (openedta0 seconds and closed just in time such that the leg does not hit
the ground) is performed caugithe path of the rover to deflect to the right. By monitoring

the deflection of the path of the center of mass of the chassis, caused by this one actuation of
a leg, for each of the different designs, a quantitative comparison of the maneuverabidty of th
various rover designs can be performed. A total of 27 runs were performed, consisting of

simulations of 9 different designs rolling down the 3 different slopes.

Figure4.14 shows the paths traced on the terrdamp by the center of mass of the chassis for
each of the 9 different rovers as they roll down a 10 degree slope as leg 5 is actuated as
described above. Similar plots for the 20 degree and 30 degree slopes are preseguee in

4.15 andFigure4.16, respectively.
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Figure4.13: Initial orientation of the designs for Parametric Study II.

Figure4.14: Paths followed by the chassis center of mass for the different TRREXx designs
after one actuation at the top of a 10 degree slope. (As viewed perpendicular to the terrain
plane).
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