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Abstract

What direction should a rover drive to efficiently ascend slap loose soil?
To explore the lunar poles, rovers will need to traverseecsavhere high slip will
hamper progress. Because of limited energy, rovers needdefiicient routes to
traverse such sloped terrain. It is an open question wheffieilent and successful
slope-ascending is achieved in loose soil by driving diyegphill or in a diagonal
cross-slope direction.

In this thesis, the influence of the rover’'s angle of attackslmpe-ascent per-
formance was analyzed based on a slope-ascent rover madielahsists of force
equilibrium conditions and terramechanics-based wheéligeraction. The ter-
ramechanic model was validated in single-wheel experisaddver slip, uphill ve-
locity, and power efficiency were predicted and associatéal tve angle of attack.
Analysis shows the ascent in the direct uphill directiorulssin most effective mo-
tion, in terms of velocity and power efficiency, on most of ghepes analyzed even
if the vehicle longitudinal slip can be reduced by decregiie angle of attack. The
analysis also indicates that a rover can diagonally ascemgh slopes where it can
not drive directly up if the rover can generate sufficiengtat grip against downhill
slides.

Slope-ascent experiments using a rover were conductedarimentally eval-
uate the effect of the angle of attack. The test results atdil the model-based
analysis and the usefulness of the proposed slope-asceiel.mo

A strategy to select slope-ascending routes is proposestittasthe model and
experiment based analysis. The utility of the route sedacthethod was demon-
strated in simulations on various slopes and for differenérs.

The findings in this research are useful to develop path pigrstrategies and
also to develop locomotion configuration and controls whaah have high slope-
ascent capability.
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Chapter 1

Introduction

There exists a lot of research to navigate ground vehicletypfal navigation problem is on
flat or benign terrains where vehicle slippage is negligislthere exist routes that can just avoid
high slopes and high slip situations. Most of navigatioroathms and systems are sufficiently
robust and can work in most of situations including both mdand outdoor scenarios, and they
were indeed demonstrated their effectiveness in targetfiel

However, sometimes we want to make robots explore chalgngrrains, steep slopes of
sand dunes, crests of mountains, or rims and interiors térsrahere no gentle route exists and
where robots need to take some risks of mobility hazard, anobilization. Still, however, we
want to find better and safer routes and make the robots avertioe challenging terrains.

This thesis addresses the problem of what routes a roveltséelect to safely and efficiently
ascend slopes of slippery, deformable materials as illtestrin Figurel.1. This thesis answers
the question whether a rover that cannot drive directly up@escan overcome the slope diago-
nally, and answer the question in what direction the rovarasccend most efficiently.

NN

Which direction to go?

Figure 1.1: Research problem.



Channel 8 Tg maximum
}‘n% — 1 =145

N - &L - b . J 140

120

i "._ 3, -
3 : e B, - :

oo S : . u
ol *t*—,gv a B add
9 e e O
T aun® S.Pole s i
I & - h -
Shackleton' . =" _

Figure 1.2: Temperature map of the craters around the lunar south pole showing the maximum
temperature throughout a year [2]. Many of the maximum temperature inside the permanently
shadowed craters are less than 100 K.

1.1 Motivation

Recent orbital surveys have shown the possibility of theges of water inside permanently
shadowed craters of the south pole of the Moon. Figure 1.@slioe maximum temperature
of the craters around the lunar south pole observed by NAB4tsr Reconnaissance Orbiter
[1]. The maximum temperature of most of the regions insides¢hcraters are less than 100
K (~ -173C ~ -280°F). Because of the low temperature, it is possible that watairogen,
oxygen and other volatiles are entrapped in the subsurfabe araters, and the regions around
them. These materials are essential to develop bases en/th@dlunar surface for the future
manned space missions and also to obtain scientific knoelefithe Moon or our universe.
However, since the capabilities of orbital surveys aretkehithe existence of water and the actual
amount/distribution of that, if any, are still open questio Thereforein situ measurements of
these areas have been demanded and planned using robatlesebr rovers [3, 4].

Figure 1.3 shows Shackleton crater, one of the permanemdigiasved craters on the lunar
south pole, and the distribution of slopes around it. Theneir of the crater is approximately
21 km and the depth is around 4.2 km. Slopes of the inner walisyfrom 20to 35, 30.53 on
average, approaching the angle of repose [5]. In additieng¢tater is surrounded by many small
craters which consists of slopes 0’2@5. Since it is uncertain where the water ices are varied,
rovers will be required to traverse a wide range of area,rang, descending, and/or crossing
slopes.

One of the biggest problems with traversing these cratelswsaklippage. Because the sur-
faces of the Moon is covered with fine-grained sand, callgdli, wheels of rovers can easily
slip in both their longitudinal and lateral directions dwethe lack of traction, especially on
slopes. Longitudinal slippage hampers the smooth travebwdrs and increases their energy
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(a) Shackleton crater (Image courtesy of NASA)  (b) Slope distribution of Shackleton crater [5]

Figure 1.3: Shackleton crater and slopes around it.

consumption. In addition, their wheels dig into the soil ssaciation with the slip, and when
the slip becomes significant, the rovers can become immaekiilin the soil. On the other hand,
lateral slippage makes the rovers deviate from planneds@atth makes the localization and path
tracking of the rovers difficult. In the worst cases, the re\are unable to reach the target areas
or may collide with hazardous rocks.

In addition to the mobility issue, there exist problems tedlato rover energy and tempera-
ture in the exploration of the lunar pole regions. Becausb@®high latitude, the areas sunlit are
limited and change overtime. The duration of the continuswdight in the most of scientifi-
cally interesting regions in the pole last only several dayserefore rovers, which are typically
powered from solar arrays, are required to rapidly move &wdno feed themselves energy and
to avoid cold night, which will be tough for electronics, asch as possible while searching for
the hidden resources [6, 7, 8.

Because of these reasons, exploration around the polesceaiteextremely challenging, and
itis essential to select routes which can maximize the poggiof a successful traverse on target
slopes. That is, finding a route which achieves lower sliplagter efficiency is required.

1.2 Related work

1.2.1 Motion planning and control on slopes

There are some works on motion planning and control of rof@rsraversing slopes that are
covered with deformable materials and induce non-nedéglppage. For example, Helmick et
al. developed a navigation system based on a mobility maphatakes into account rover slip
[9]. They predicted the slip from terrain appearance andipos experience on similar terrain.
Their system finds a route that avoids hazardous obstactekighly slippery terrains. Then it

follows the path by minimizing slip using the slip-competeshpath follower that works based
on visual odometry and vehicle kinematics [10]. Karumarethal. developed a path planning

3



system where a mobility map of sloped terrain is construttad past experience of vehicle slip,
and it was utilized for planning of vehicle paths and velesibn slopes [11]. Their mobility map
is represented by the maximum feasible velocities for tBfié headings on the target terrain.

As a path-following control, Ishigami et al. proposed a mqutedictive feed-forward con-
trol [12]. They analyzed the mobility of a rover based on wheseil interaction and utilized the
model to provide steering motions of the rover for travegsiide-slopes. Kren et al. developed
a model-predictive traction and steering control systemmcivis based on wheel-soll interac-
tion modeling, and tested it on an inclined terrain of loosi [43]. The test results showed
the model-predictive control achieved a better path-failhg ability than a feedback-based ap-
proach.

Daniel et al. on the other hand, developed a slip controksydbr a rover that is equipped
with a plow [14]. They showed that the vehicle slip can be oalgd and regulated by adjusting
the depth of the plow into the soil while the rover descendssslopes.

1.2.2 Rover slope testing

It has been believed by many researchers that diagonaliygnip a slope is better than directly
ascending up the same slope to reduce wheel slippage. Howhagas still an open question.

It was reported that on Mars, during the Mars Exploration RGMEER) Opportunity tried to
egress from craters, the rover experienced high slippagm wttwent directly up slope, reach-
ing 100% slip. The rover could get out of the craters by cslepe driving with the heading
approximately 45off from the directly uphill direction [15, 16], as shown ingiare 1.4.

Some mobility test results of rovers on a tilt table of sofil seere reported in [17, 18].
They measured slip and slide of the rover at,3%%, and 0 angle of attack for slope ascent,
descent, and cross-slope scenarios. The results indiwtéhe longitudinal slip reduces when
the diagonal slope-ascent is made compared to the dirqm slecent. However, this does not
necessarily indicate that the diagonal slope-ascent iayasWetter than the direct slope ascent
since the vehicle downhill slide increases at shalloweldemngf attack and the actual travel
velocity in the uphill direction, which is important for gle-ascent, is determined from the both
longitudinal and lateral slip.

Outcrop Egress
“ Attempt

Trenchi

Trench2

Figure 1.4: Tracks of Opportunity rover in the Eagle crater [15].
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(@) (b)

Figure 1.5: Scarab rover with active suspension. (a) The overview of the rover. (b) Scarab
diagonally ascending a slope with leaned posture.

Another experiment showed that diagonal uphill driving aaprove slope-ascent perfor-
mance when a rover posture is controlled. Scarab shown iréiQ5 is a rover which has such
capability. The rover has actively actuated rocker armisdbiatrol the wheelbases of the left and
right side wheels and thus the rover roll angle. It was expentally showed that Scarab was
able to climb up steep slopes of loose media with signifigdats slippage when the ascent was
made at shallow angle of attack 25°) and by adjusting the rover configuration, compared with
when the rover climbed directly up the slopes toward the mari inclination angle without ac-
tive posture control [19]. In addition to this, the vehiabagitudinal slip and power consumption
were measured during ascending slopes for the leaned caatf@uat various angles of attack.
The test results showed an angle of attack of 15#&Hhieved low slip and power consumption
when the active posture control was engaged.

It has not been well known, however, whether rovers withativa posturing capability can
improve slope-ascent performance with shallower angledtatk, and how the angle of attack
affects the performance. No detailed analysis of the etiette angle of attack has been made
for general rovers with nominal configurations, withoutiaetposture controls. Also, in the
previous testing mentioned above, the slip only in the vehangitudinal direction was reported
and the actual uphill progress has not been evaluated ékplic

1.2.3 Modeling and analysis of rover mobility on loose soill

While field experiments using real rovers provide rich infation to understand their perfor-
mance, they are time consuming and cost a lot. Another solut understand and evaluate
rover performance on loose soil is modeling the vehiclegi#soil interactions and wheel slip,
and analyzing the performance based on the models.

There are various ways to model wheel slip. One way is mogslip by regressions in either
parametric or non-parametric manner. Polynomial curvadjits one of the simplest methods to
model slip with approximation functions of terrain geongesuch as the pith and roll angle of the
terrain. For example, the vehicle slip of the Mars rover Caitjowere studied by field trials on
Earth and its slip was characterized by polynomial functismhich are dependent on the terrain
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surface material [20]. Similarly in [21], the rover slip isogeled as functions of the terrain

inclination, and are incorporated into their trajectoryeeator to compensate wheel slip while
climbing or crossing hills. These parametric regressigor@gches require to carefully select
functions, e.g., polynomial or exponential functions, ppeximate the slip. The slip behaviors

are highly nonlinear due to the complicated wheel—-soilratBons, especially at steep slopes,
and choosing inappropriate functions results in signifigeadiction errors.

Another regression approach to model vehicle/wheel shpisn-parametric learning method.
Unlike the parametric regressions, non-parametric methmeduire no explicit assumptions in
the model shape, and they can possibly provide better anctivan parametric methods. How-
ever the computational cost of non-parametric approaatresdining and prediction are typ-
ically more expensive than parametric ones, and the costsgas the training data increases.
In addition, the model accuracy depends on the utilizechlegralgorithms. Examples of non-
parametric regressions include Neural Networks, k-Ne#&teghbor, Support Vector regression,
and Gaussian Process regressions, and some of them wessmentéd on robotic vehicles to
model the relationship between vehicle slip and terraimggoy [11, 22, 23].

One of the benefits of regression approaches is that theytdeaquire to understand details
of underlying physical phenomenon or to obtain unknown elehisoil interaction parameters.
However, one drawback of these approaches is that preaciniothe domain with sparse or no
training data tend to result in significantly large errorsiarealistic behaviors. Wheel slip can
be modeled in more sophisticated fashion by taking into aetthe underlying physical effects
of the wheel-soil interaction. For example Cameron et aleldged a rover dynamic model that
incorporates the wheel-solil interaction forces as sim@ssydumper systems and predicted the
vehicle slip on slopes of soft soil and bedrocks [18]. Thendel was capable of predicting rover
behaviors on shallow slopes; however the prediction ormpstkxpes was less accurate.

Terramechanics is another dynamic modeling approach étetes wheel slip and interac-
tion forces based on soil mechanics and vehicle dynamigsamechanic theory was originally
developed and organized by Bekker [24] and Wong [25] during0$31960s mainly for large
and heavy off-road vehicles, such as vehicles for militagyjcultural, mining and construction
purposes. It models the interactions between soils and ls/traeks/tools via semi-empirical
formulations of soil bearing and shearing capacities. Wh@eramechanic theory requires a
number of soil-specific parameters in its computation, bseaf its computational efficiency
and good prediction capability, Terramecahnics has begfiegpto the analysis of planetary
rovers in recent years for design, planning and control gsep [26, 27, 28, 29, 30]. For in-
stance, Apostolopoulos used Terramechanic theory to amahe locomotion configuration of
rovers for various types of soils and terrains, includiragpsk [26]. Based on the Terramechanics-
based vehicle model, he developed formulas to design \eebafigurations for various oper-
ation scenarios. lagnnema developed a motion control ithgobased on Terramechanics for
rough terrain traverse [27], and he also proposed an ontih@arameter identification method
that can be used for predicting mobility of a rover from exgece. Ishigami et al., on the other
hand, extended conventional Terramechanics, which haul lbesically restricted to the longi-
tudinal motion analysis, and developed a comprehensieedldiorce model to analyze steering
maneuvers [28]. The model was further applied to a steerivigpm control for lateral traversing
of slopes [12], and to a path planning strategy which takesancount wheel slippage [31].

While there exists research on model-based charactenzatid analysis of rover perfor-
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mance on slippery terrain, however, none of those reseaiikrature, to the best of my knowl-
edge, has explicitly analyzed performance of rovers inegdgpe ascent scenarios in details.

1.3 Obijective and approach

The objective of this research is to find a route to increaseetficiency and possibility of suc-
cessfull slope-ascent for a rover, given its configuratierrain geometry, and soil properties. To
this end, the influence of the angle of attack on slope-agmamfdrmance of rovers is analyzed,
and a strategy to select the angle of attack is proposed.thieterm angle of attack to a slope is
defined as an angle of the heading of a rover with respect tinahsverse direction of the slope.
Angle of attack is 90when a rover is oriented to the uphill direction, artdadhen in the lateral
direction of the slope.

The scope of this research is linear trajectory motions ¢ers slopes of deformable, slip-
inducing soil. The research does not involve any steeringeuaers or curvilinear trajectories.
In addition, while the slope-ascent performance can betlgreaproved with active posture
controls as shown in [19], this research focuses on cormegitirovers that do not have such
capability. However, the basic ideas of this research caappdicable to those outside of the
scope.

The analysis is made by a slope-ascent model of a rover whunbkigts of force equilib-
rium conditions on slope and a terramechanics-based wéakirteraction. The terramechanic
model is validated through a single-wheel experimentsnAtte proposed model, rover slip is
predicted, and rover trajectories for various angles afcktare analyzed. Furthermore, the influ-
ence of the angle of attack is evaluated also based on ther gdfiegency of the uphill motion.
Slope-ascent experiments are carried out using the foeelgd rover Scarab to experimentally
evaluate the influence of the angle of attack and also to siskesvalidity of the model-based
analysis.

Moreover, a strategy for selecting an efficient and sucoéskipe-ascent route is proposed
based on the model-based analysis. The usefulness of thegew strategy is demonstrated
through a series of slope-ascent simulations.

1.4 Overview

This thesis is organized as follows. In Chapter 2, the slgoerat capability of a rover and
influence of the angle of attack are analyzed based on a skt model. The slope-ascent
experimentation using an actual rover and its result areribesl in Chapter 3. The validation
of the model-based analysis of the slope-ascent perforensnalso discussed in this chapter.
Then a route selection strategy to ascend slippery slopesasiuced and evaluated in Chapter
4. Finally, Chapter 5 concludes this thesis summarizing éselts and contributions of this
research. Several possible directions of future reseaechlso provided in this chapter.






Chapter 2

Model-Based Analysis of Slope-Ascent
Performance

In this chapter, slope-ascent performance of a rover witioma angles of attack is analyzed
based on an analytical quasi-static slope-ascent modeh dadamechanics-based wheel-soil
interaction model. To simplify the problem and to reducedbmputational complexity, a rover
motion is represented by a single-wheel under several gagums.

First assumption is that the orientation of the rover/wlaeelfixed and the rover/wheel moves
linearly. This assumption is valid if the rover is commanddahear motion, and the orientation
error is kept minimal. To evaluate the effect of the angle ttdick, simple linear trajectories
suffice to be considered. More justification for the lineartiom assumption comes from the
fact that on sloped terrain, curvature motions which ingshdrastic steering maneuvers are not
preferable since they tend to induce a significant level afrdoll skid. In terms of the orientation
error, on sloped terrain, the larger portion of rover weigltistributed on wheels on the downhill
side, and therefore the traction forces generated on thallbwheels differ from those on the
uphill wheels. This force unbalance can cause some levetational moment around the center
of gravity (CG) of the rover, resulting in possible orient&tchanges. This research assumes that
the orientation change is negligibly small or can be redigesh appropriate orientation control.

Second, the rover/wheel is assumed to be ascending a sl@pgnodoth surface and homo-
geneous soil condition at a quasi-static, steady state.e/dltiual terrains are bumpy with local
variations of inclinations, the smooth surface repregsamtaan be considered as an approxima-
tion of terrains by a combination of bets-fitted planes toltival terrains.

Under these simplifications and assumptions, the influehtteeangle of attack is analyzed
in the following sections. The validity and limitation ofdfsingle-wheel model is discussed in
Appendix A. The slope-ascent wheel model is introduced cti8e 2.1 in which the conditions
of forces for a steady state traverse is described. Theaeship between wheel slip and wheel—
soil interaction forces is then briefly described in Sect®?. Some parameters in the wheel
force model are tuned based on single-wheel experimentSedtion 2.3, the behavior of the
rover/wheel at various angles of attack on various anglesiage is analyzed and evaluated
based on wheel slip and the efficiency of the motion which ae€lipted based on the proposed
slope-ascent model.



Figure 2.1: Slope ascent with an angle of attack. The wheel is ascending a slope of an angle
6y with an angle of attack «. The wheel needs to generate the longitudinal and lateral forces
against the gravity resistance of the pitch and roll directions to keep a steady state ascent.

2.1 Slope-ascent model

Here assume that a wheel is driving uphill a slope of inclorangled, with an angle of attack

a as shown in Figure 2.1. The angle of attacks defined as the angle between the direction of
the rover heading and the transverse direction of the slopea = 90° when the rover directly
climbs up the slope in the maximum inclination directiond an= 0° when the rover heads the
cross-slope direction.

Let us define the coordinate system on the slope sufaseich tha’*) denotes the uphill
direction,Z(®) denotes the vertically upward direction against the sloptase, andX *) denotes
the transverse direction of the slope which makes a rightft@ordinate system. The wheel is
heading at an angle ef from the X(® direction of the slope as mentioned above. The wheel
coordinate systeny,,,, is thus obtained through a rotation®f about theZ () axis witha in the
uphill direction.

The wheel is driven with a reference velocity; in the z(*) direction and experiences the
slip in the longitudinal and lateral directions resultimgihe actual velocity.

Assuming that the all the forces acting on the wheel inatffe, v, andz() directions —
drawbar pullF, lateral forceF),, and vertical force,, respectively—are in equilibrium with the
gravitational force, and the wheel is in a steady state, therollowing relationships hold:

F, =Wsin6, (2.1)
F, = Wsin0, (2.2)
F, =W cos b, (2.3)

whereW is the weight on the wheel, arfj andé,. are the pitch and roll angles about th¢’
andz™) axes of the wheel, respectively.

The pitchd, and roll 6, of the wheel are determined geometrically from the slopdeafig
and the angle of attack of the wheel as

sin 0, = sin 6y sin « (2.4)

sin 6, = sin Oy cos o (2.5)
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Figure 2.2: Drawbar pull and lateral force required to ascend slopes with various angles of attack.
The forces were normalized to the rover weight .

Figure 2.2 shows how much forces are required to keep a sttathy/slope-ascent against
the gravitational resistance. As seen in the Figure 2.2i{a),equired drawbar pull,, increases
along with the increase of the angle of attack, and it becdimesaximum atv = 90° for each
slope. On the other hand, the lateral fodgg which is needed to grip the wheel against the
sideslip, becomes the highesteat= 0° and it decreases as the angle of attack increases. The
wheel is required to obtain the corresponding forces torabaeslope at an angle of attack.

2.2 Terramechanics-based wheel—-soil interaction model

The abovementioned forces, drawbar pl| lateral forceF),, and vertical forceF,, are gener-
ated from the interactions between wheels and the soil.,Hegenteraction forces are modeled
based on terramechanics developed by Wong and Reece [32].

2.2.1 Model description

Let us assume that a rigid wheel traversing loose soil egpees slip in the longitudinal and
lateral directions, resulting in the longitudinal velgcit,, lateral slip velocityy,, and the trav-
eling velocityv, as shown in Figure 2.3. The longitudinal slippage is measby the slip ratio
of the wheel,s, which is defined as a proportion of the desired and actuagitiodinal traveling
velocities as [25]

S:{ 1— 2 (if v, <vep, driving) (2.6)

Uref ] (if vy > vy, breaking

wherev,. is the desired reference velocities and it equals to the Waegential velocity,.; =
rw Wherer andw denote the radius and angular velocity of the wheel, res@dgt The range
of the slip ratio value is-1 < s < 1; the slip ratio is positive when the longitudinal velocity i

11



Figure 2.3: Wheel-soil interaction model. In deformable soil, stresses act on the contact patch
in the normal, tangential, and lateral directions.

smaller than the reference velocity, and it becomes negathen the rover/wheel travels faster
than the reference velocity.

On the other hand, the lateral slippage is expressed ustngjifhangle. The slip angle is
defined as the angle between the heading velogityand the wheel traveling velocity;

8 = tan! (ﬂ> 2.7)
Uy

Under these conditions the normal stressand tangential and lateral shear stresseand
7;, are distributed on the cylindrical surface of the wheeklaswvn in Figure 2.3. The magnitude
of these stresses are dependent on the angular locatios améel surface). 6, andd, depicted
in Figure 2.3 denote the entry and exit angles of the wheélarsoil, respectively.

The resultant:, iy, andz directional component of forces can be derived by integggtine
stresses along the wheel circumference as follows [28, 32]:

Oy
E,=rb {1(0) cosd — o(0)sinH}db (2.8)
0,
0y
F, = rb / (0)d6), (2.9)
0,
Oy
F, = ’I“b/ {1(0) sin 6 + o () cos }db (2.10)
Or

12



wherer denotes the wheel radius, abhdenotes the wheel width. Note that the drawbar pull in
this research means the net traction force which the wheebbtain from the soil. That is, the
drawbar pullF,, equals to the longitudinal thrust foréé, which is developed by the shear stress
7, Subtracted by the motion resistanBewhich is resulted by the normal stressagainst the
soil compaction and bulldozing. Therefore Eq. (2.8) candveritten as follows:

F,=H-R (2.11)
Oy
H = rb/ 7:(0) cos 0d0 (2.12)
0,
Oy
R = T’b/ o(0) cos 6db (2.13)
0r
(2.14)

In addition to the forces, the torque necessary to drive theelyT, is given as follows:

Of
Tr =1°b / 7(0)df (2.15)
0,
These forces and torque are determined by the distributibtiee normal and shear stresses.

Normal stress distribution

The normal stress distribution(d) can be modeled based on the relationship between the pres-
sure that acts on the wheel from the soil and the wheel sinkdpe basic pressure—sinkage
relationship developed by Terzaghi is provided as follo8&j

p=Fkz" (2.16)

wherep denotes the pressure that acts on an object penetratedsnasa > denotes the pene-
tration depthk andn, called pressure—sinkage modulus and sinkage exponspgatvely, are
constant parameters which represent the bearing capatfilihe soil. As shown in Figure 2.4,
the pressure exponentially increases as the depth insreaskits shape is determined by the
parametern. The pressure—sinkage moduludetermines the magnitude of the pressure.

Terzaghi's pressure—sinkage relationship was improvis ley Reece to take into account
the effect of the dimension of the penetrated object asvislIi34]:

p=k, <bi) (2.17)
ky = ko + pgbuks (2.18)

whereb,, represents the smaller of the two dimensions of the conttchfor rectangular ob-
jects, or the radius for circular objectsdenotes the soil cohesioky, andk, denote the pressure—
sinkage modulip denotes the soil bulk density; agdienotes gravitational acceleration.

13
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Figure 2.4: Typical pressure—sinkage curves. The basic shape of the curves is determined by
the sinkage exponent parameter n while the magnitude is dependent on the pressure—sinkage
modulus k..

The normal stress distribution beneath a wheel can be @uddwy applying the Reece’s
pressure—sinkage relationship to the cylindrical cordactace. Here the sinkageat the angle
0 of the wheel can be geometrically calculated as

2(0) = r(cos @ — cosby) (2.19)

By substituting Eqg. (2.19) into Eqg. (2.17) and making some ification, the following normal
stress distribution model can be derived [32]:

o(8) = ke (bL) (cos " — cosfy)" (2.20)
. 0 (0, <0 <0y)
0" = 6 — (e—agi(ffér—am) 6, <6 <6,) (2.21)

whered,, is the wheel angle at which the normal stress becomes themmaxi It is experi-
mentally known that this maximum stress angle shifts fodnahen the longitudinal wheel slip
increases, and the andlg is expressed by an empirical formula as a function of whee[32].

Shear stress distribution

The shear stress distribution is modeled based on the Mohie@b’s failure criterion:
Tmax = €+ o tan ¢ (2.22)

wherer,.x IS the maximum shear stress which the soil can be toleraptéddffails under the
normal stress of the sheared surfacd he maximum stress, also called shear strength, depends
on the soil cohesion and the friction angle of the sail.

When a wheel drives in the soil, the soil particles around th&tact area are sheared by
the rotational and sideslip motions of the wheel, and theusk&ess develops based on the
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Figure 2.5: Typical shear stress—shear displacement curves of loose, granular soils. The shear
deformation modulus k determines how rapidly the stress increases.

displacement of the soil as depicted in Figure 2.5. The séteass increases with the increase
of the shear displacement, and in the case of loose, grasoils; the stress plateaus at the
maximum shear stress,... This relationship between the total shear stressd the shear
displacemeni is formulated by Janosh and Hanamoto as follows [35]:

T = Tmax {1 — exp(—j/k)} (2.23)

wherek is a constant parameter called shear deformation moduhis.pirametek represents
how rapidly the shear stress develops and decides the shépe shear stress—shear displace-
ment curves as shown in Figure 2.5. By substituting Eq. (Ar#B)Eq. (2.23), the total shear
stress distribution at the anglas obtained as follows:

7(0) = (c+ o(f) tan ¢) {1 — exp(—7(0)/k)} (2.24)

where j(0) is the total shear displacement of the soil at the alglej(#) is determined by
the displacement in the wheel tangential and lateral doestj,(¢) andj;(0) respectively, as

follows:
7(0) = \/52(0) + ji () (2.25)

The displacements are mathematically calculated fromahgential and lateral slip velocities
of the soil, v;; andwv;;, respectively. These slip velocities are generated by ob&tion and
sideslip of the wheel, and in the case of positive slip, theygwen by the following equations
as functions of slip ratie and slip anglej [28, 32]:

vj1(0) = rw — v, cosf =rw{l — (1 — s) cos 0} (2.26)
vj1(0) = —vy, = —rw(l — s) tan 8 (2.27)
The soil displacements in the tangential and lateral doestat the anglé are obtained by inte-

grating the slip velocities;;; andv;;, from the entry anglé; to 6 along the wheel circumference
and are given as follows:

0

Ji(0) = /9 ' th%Q =7{(0f —0) — (1 — s)(sinf; —sinh)} (2.28)
Oy

Ji(0) = /0 Uj[% =—r(1—s)(0f —0)tan (2.29)
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Figure 2.6: Andy 2 rover used in the model-based slope-ascent performance analysis.

Finally, the tangential and lateral shear stressesndr;, respectively, are determined based
on the total shear stress and the slip velocities of the @od ,expressed as follows [36]:

th(g) '
\/v]t )+ vi2(0)

7(0) = NoPe Uﬂ(?v =5 () (2.31)

7(0) =

7(0) (2.30)

2.2.2 Tuning of model parameters

The soil parameters described in the previous section greatly treated as soil-specific con-
stants identified from soil testing [25]. However, many sgdave found out that using constant
parameters results in inaccurate predictions, espeda@ilyght-weight and small-sized wheels
and at high slip conditions [37, 38, 39]. This is mainly bexad) the terramechanic models
were originally developed for heavy and large sized vekich the pressure—sinkage formula
Eq. (2.20) does not take into account the wheel sinkage edlby the wheel slip, called slip—
sinkage or dynamic sinkage; and 3) the effect of grouserstiexplicitly considered. Therefore,
in this research, two soil parameters, pressure—sinkagkiloek, in Eq. (2.20) and the shear
deformation modulug in Eq. (2.23) are treated as variables which depend on thelvgtip.
The parametek, basically controls the sinkage value wheréaaffects the drawbar pull and
lateral force. These parameters were identified as furetidnhe wheel slip based on single-
wheel experiments such that the difference between the Ipoeldicted and the experimentally
measured forces and sinkage were minimized.
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Experiment setup and procedures

Andy 2 rover, shown in Figure 2.6, is selected as the rovethferanalysis. Andy 2 is a small,
four-wheeled skid-steered rover developed for lunar seréxploration. The rover was designed
to have a large track width to wheelbase ratio and low CG hedgimiprove tipover stability and
skid-steering capability. Its large and wide wheels resfeis body and tall grousers provide
the rover a high slope-ascent capability. The rover is depaftascending 15slope of loose soil
with 20-30% slip, and it can ascend slopes up to arourich®@n directly driving uphill.

Single-wheel experiments were conducted to tune the paeasi®r the Andy 2 rover and
GRC-1 lunar regolith simulant. Single-wheel experimentatsoa widely used method to charac-
terize tractive performance of vehicles by assessing tagaaship between the slip and wheel—
soil interaction forces in a single wheel-level [24, 25]. eTvalidity of the inferences of full-
vehicle mobility from single wheel experiments have beenfieel for the longitudinal linear
travel cases [40, 41] as long as for steering scenarios 8, 4

The experimental apparatus used for the parameter turstgjiseshown in Figure 2.7. This
single wheel test rig consists of a wheel with a driving matod an actuated longitudinal axis
carriage. The longitudinal motion of the wheel is contrdlley the carriage velocity and the
wheel angular velocity. The orientation of the wheel can theisted by changing the angle of
the rotation stage such that an artificial/forced sideslgiiom can be generated. In addition,
the wheel can move freely in the vertical direction allowmagural wheel sinkage. The sinkage
is measured by a string potentiometer attached to the s&ftiee axis, and the forces on the
wheel are measured by a six-axis force/torque sensor. Ghe @fheels of the Andy 2 rover was
mounted on the test rig. The dimension of the wheel is a raofid$0 mm and a width of 150
mm, and the wheel is equipped with 10 mm-high grousers omitsosh surface. The mass of
the wheel was set to 6.8 kg which is approximately one quaftdre rover weight.

In this experiment, the soil bin was filled with GRC-1 lunar rigpcsimulant [43] with 1.2 m
long by 0.7 m wide by 0.23 m deep. The mechanical properti€RiE-1 is listed in Table 2.1.
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The orientation, or slip anglé, of the wheel was varied from 0 to 30 degrees with an interval
of 7.5 degrees. For each slip angle condition, the wheelatip s was set to 0.05, 0.1, 0.2, 0.4,
and 0.6. During the tests, the wheel was controlled to retéteconstant tangential velocity of
2.0 cm/s while the speed of the carriage was controlled dipgron the slip ratio and slip angle
conditions. The wheel drawbar pull, lateral force, and agi&kwere measured at the sampling
rate of 10 Hz. Tests were conducted at least twice for eactiton.

Results of experiment and parameter tuning

Experiment results Figure 2.8 shows the drawbar pull, lateral force and sinkagasured in
the single-wheel experiments. The markers represent t@age values at each test condition
measured during the two tests, and the error bars indicaté-#tandard deviations. Basically,
the drawbar pullF, increases along with the longitudinal slip rati@nd it decreases when the
slip angles increases as shown in Figure 2.8 (a). On the other hand, asnveee in Figure
2.8 (b), the lateral forcé;, becomes larger when the slip anglgets higher sincé, acts as the
resistive force against the sideslip. The lateral forceiced as the longitudinal slipincreases.
The reason why thé’, and F, develop inversely is that the total shear force which thecso
generate is limited. The increase of the longitudinal stipances longitudinal shear force while
limiting the shear force in the other direction, and vicesear Figure 2.8 (c) shows the wheel
sinkage. The sinkage is dominantly governed by the longialdlip and no clear influence of
the lateral slip was observed.

Parameter tuning results As mentioned, the two parameters, pressure—sinkage nkulu
and shear deformation moduléswere tuned as functions of the wheel stigo that the errors
between the model curves and the experimentally measureesfand sinkage were minimized
by the following two steps. First, for each tested slip ctindj the best fit parameter values were
identified from the model and the experiment result. Theraffi@oximation functions which is
fit to all of the identified values were derived. The obtainealctions for the two parameters are
as follows:

ko (s) = 2.35¢~ %55 x 10° (2.32)
k(s) = —0.034s% + 0.107s + 0.019 (2.33)

Table 2.2 lists the parameters used for the computationeofnihdel including the tunekl, and

k. Figure 2.9 shows the relationship between the parametershe slip ratio. Note that the
types of these functions are chosen based on the obsereatios identified parameters at each
slip, and there is no theoretical or physical reasoninglferrepresentations.

Table 2.1: Basic mechanical properties of GRC-1 (loosened) [43].

Particle size | 0.05-2 mm

Bulk density | 1630 kg/nd

Friction angle| 33.7 deg
Cohesion < 1kPa
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Table 2.2: Parameters used in the analytical model. Soil parameters were adopted from [43].

Parameter Description Value Unit
w Wheel weight 66.2 N
r Wheel radius 0.16 m
b Wheel width 0.15 m
c Soil cohesion 500 Pa
10) Internal friction angle 33.7 deg
n Sinkage exponent 1.23 -
ko pressure—sinkage modulus (fixed) 4.20 x 10° N/m?
ko pressure—sinkage modulus (tuned)  2.35¢72:5% x 10° N/m?
k Shear deformation modulus (fixed) 0.024 m
k Shear deformation modulus (tuned)-0.034s2 + 0.107s +0.019  m

Table 2.3: RMS errors of the model predictions.

5[N] Fy[N]  z[mm]
Fixed parameters 15.15 9.46  19.50
Tuned parameters 2.54 3.30 5.22

Comparison of the experiment results and the model curves The solid curves in Figure 2.8
represent the model curves with theandk treated as functions of the wheel slip whereas the
dashed curves are the model which uses fixedndk identified from the soil testing reported
in [43]. (The original pressure—sinkage moduliandk, reported in [43] were coupled together
into k&, which was computed for the dimension of the Andy 2 wheel.)dditon, the root-mean-
square (RMS) errors of the predictéd, F,, andz are calculated for both the tuned and fixed
soil parameters, and listed in Table 2.3. The model curvesgyusoth the tuned and original
parameters capture the similar trends observed expemthertowever the curves with tuned
parameters achieve better accuracies. One notable thsewaa from Figure 2.8 (c) is that
the sinkage prediction with the fixed parameters does nat simy clear change along with the
increase of the slip. This indicates the limitation of thesentional terramechanic theory which
cannot express the slip—sinkage phenomenon. On the othdr tiee sinkage predicted with
tuned parameters successfully follows the slip—sinkagygdtobserved in the experiments.

From Figure 2.8 and Table 2.3, it can be said that the modegubie tuned:, and% pro-
vides sufficiently accurate predictions of the slip—forelationships for simulations. Figure 2.10
shows the 3-dimensional view of the drawbar pull and latienale as functions of the longitudi-
nal and lateral slip computed based on the wheel-soil ictieramodel.
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Figure 2.10: Relationship between slip and forces. The forces were normalized to the weight V.

2.3 Slope-ascent performance analysis

In this section, the slope-ascent performance of the Anay@rris analyzed based on numerical
simulations using the slope-ascent and wheel-soil inieramodels described above. Assuming
that the change in the mechanical properties of the soil opesl terrain, if any, is negligible,
the wheel forces generated from the wheel—-soil interactaonbe determined from Egs. (2.8)-
(2.10) given the slip ratia and slip angles as shown in Figure 2.10. Furthermore, the forces
necessary for the rover to steadily climb up a slope are gealvin Eqgs (2.1)-(2.5) and in Figure
2.2. Hence, the mapping between the slope & angle of attadknueel slip can be obtained
from these relationships.

2.3.1 Simulation procedures

In the simulation, the rover longitudinal slip raticand lateral slip anglg are predicted for the
given slope anglé, and angle of attack. In this simulation, the slope anglg was varied from
1@ to 3, and the angle of attack of the rowvemwas varied from 10to 90°.

The simulation flow to predict the rover slip is summarizedadsws:

1. Provide initial guesses of the slip ratipslip angles, and sinkage.

2. Calculatel,, F, andF’, for thes, 3, andz based on Egs (2.8), (2.9), and (2.10).
3. Check if Egs. (2.1), (2.2) and (2.3) are satisfied.

4. If not, updates, g and/orz and return to 2.

The same model parameters used in the previous sectiore(Za&)lwere used for the computa-
tion of the forced,, F;, andF.. In the update phase (4), Newton method was utilized to fiad th
wheel slip and sinkage values,5 andz, that minimize the errors between the model-predicted
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Figure 2.11: Predicted longitudinal and lateral slip of Andy 2 for various slopes and angles of
attack.

forces and the theoretical ones given in Egs. (2.1), (2.@)2r8):

g* | = argmin (F; — Fin(s, Bz))2 (2.34)

z 1=T,Y,2

whereF; (1 = z,y, z) are forces required for the steady state slope-asceneWwhil are com-
puted forces from the predicted 5, andz.

2.3.2 Predicted wheel slip

The predicted slip ratie and slip angles for various combinations of slopes and angles of attack
is shown in Figure 2.11. Figures 2.12 and 2.13 show the mdeelele look of the relationship
between the angle of attack and predicted slip. These figdseshow the slip curves predicted
based on a full-vehicle model which takes into account thightelistribution on slopes. From
these figures, the single-wheel representation of a rovariges sufficiently close prediction
results to the slip computed based on the full-vehicle mod#ie case of the steady state linear
slope-ascent. Therefore, the slope-ascent model baséd smgle-wheel representation are uti-
lized for the rest of the analysis. More detailed descriptibthe full-vehicle model is introduced
in Appendix A and the validity of the single-wheel represgion is discussed there.

As seen in the Figures, both the longitudinal and laterpliskrease when the slope becomes
higher. When the angle of attack becomes smaller thantBe slip ratio monotonically reduces
as shown in Figure 2.12. This trend agrees with the evidereggsrted in literature. The re-
duction of the longitudinal slip along with the angle of akas attributed to the decrease of the
longitudinal gravitational resistance when the rover egdhanges from the uphill direction to
the side-slope direction as seen in Figure 2.2 (a).

On the other hand, the slip angle behaves in a slightly caatgd way as seen in Figure 2.13
because of the complex wheel-soil interaction where thoades and slip in the longitudinal
and lateral directions are coupled each other. When the afigitack is 90, no sideslip is
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Figure 2.12: Predicted slip ratio of Andy 2 rover from the single-wheel model (solid curves) and
full-vehicle model (dashed curves) for various angles of attack o and slopes 6.

induced since any external force in the lateral directi@ua$ on the rover. The sideslip starts to
increase when the angle of attack gets smaller th&rs@@@e the lateral gravitational resistance
increases along with the reduction of the angle of attackhasvs in Figure 2.2 (b). At the
angle of attack close to 90the slip angle increases rapidly. This is because the tadigial slip
becomes relatively high around®@@ngle of attack as seen in Figure 2.12. The high longitudinal
slip results in the greater soil shearing in the wheel tatigkdirection, and the increase of the
tangential soil shearing limits the capability of the soilgenerate the lateral shear resistance
against the sideslip. Therefore, the wheel is subjectedperesnce relatively large sideslip
around 90 angle of attack to generate a sufficient level of the latenald. This causes the rapid
increase of the side slip angle at the angle of attack clo€€toAs the longitudinal slip and
tangential shear stress reduces when the angle of attahkfulecreases, the capacity of the soil
to generate lateral shear resistance increases, and thieecklateral force can be obtained with
smaller slip angles. This is why the slip angle reduces wherahgle of attack becomes smaller
than the angle that corresponds to the peak slip angle asxshdwigure 2.12.

The diagonal black dashed line depicted in Figure 2.13 sgmts the boundary states at
which the slip angle5 becomes equal to the angle of attagk On this boundary, the rover
traverses purely laterally along the transverse direatibslopes without any uphill progress.
When the slip angle goes above the boundary, the rover stestisie downhill.

2.3.3 Trajectory analysis

Based on the predicted rover slip, trajectories of the roveewgeral angles of attack were com-
puted assuming a quasi-static steady state condition. i$nstmulation, the rover was com-
manded to drive toward the target line located 3 m uphill fieostart location at angles of attack
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Figure 2.13: Slip angle of Andy 2 predicted based on the single-wheel model (solid curves) and
full-vehicle model (dashed curves) for various angles of attack « and slopes 6,. The diagonal
black dashed line represents the slip angle which equals to the angle of attack. The rover can
never ascend the slopes with the angles of attack above this line.

of 1%, 3¢, 42, 6, 75, and 90. The commanded longitudinal velocity was setto 5 cm/s.

Figures 2.14-2.16 show example rover trajectories on theesl 0f20°, 25°, and30°, re-
spectively. On the 20slope all of the commanded angles of attack could ascenddpe as
shown in Figure 2.14 although the shallower angles of attaglired longer travel distances. In
addition, due to the downhill sideslip, the resultant tcépey of the 18 angle of attack became
almost parallel to the sideslope. The’3hgle of attack reached the goal line first in this case.
The required travel time, travel distance, and the cornedipg slip ratio and slip angle for each
angle of attack are listed in Table 2.4. The best performaakess are highlighted in red.

The table also lists the average power and total energy awedwuring the slope-ascent.
The powerP and energy consumptiali were estimated based on the following equations:

P = iTRw (2.35)
na
E=P-t (2.36)

wheren, denotes the power efficiency of the driving actuatdy, is the driving torque of the
wheel estimated based on Eq. (2.15), and the commanded angular velocity of the wheel. At
last, ¢ is the travel time required to reach the goal line. As seehéntéble, the average power
consumption reduces as the angle of attack gets smallerit diedomes the minimum at 15
angle of attack among the commanded angles in the simulafibrs is because the resistive
force tangential to the wheel circumference declines vhighreduction of the longitudinal grav-
itational resistance. On the other hand; a&gle of attack could not achieve the minimum total
energy consumption. Rather the energy consumed with the afhgktack became significantly
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higher than the other angles of attack due to the longeslttiawe despite of the smallest power
consumption. The lowest energy consumption among testgésaof attack was accomplished
by the path of 45angle of attack. On this route, the rover can ascend the sldpe3.1% lower
energy consumption compared to the érect ascent.

In Figure 2.15, trajectories on the 25lope are shown. In this case, all of the angles of
attack could ascend the slope, except fot. & 15°angle of attack, the slip angle became 21.0
exceeding the angle of attack. Thereby the rover could ndenaay uphill progress and slid
downhill. Again, the rover reached the goal line fasteshwite 90 angle of attack route on
this slope. The results of the 25lope-ascent are summarized in Table 2.5. The total energy
consumption was lowest with the 6@ngle of attack route: 11.8% less energy was consumed
with respect to the 90angle of attack.

The results of the 30slope case are shown in Figure 2.16 and summarized in Tehldr.
this figure, only the trajectories of the angles of attack%sfar larger are shown since the rover
could not ascend the slope with the other two routes of smatigles of attack. The slip ratio
at 90 angle of attack became = 0.983, and the rover could barely make an uphill progress
although it finally reached the goal line with an hour-lorey&l. The 60 angle of attack arrived
on the goal line first with the lowest energy consumption;réguired time and energy were
75.2% and 81.6% smaller, respectively, with respect to €Heafigle route.

From these observations, it can be said that the&@le of attack is the most effective
route among others because of the shortest travel time astahde, and the moderate energy
consumption unless the longitudinal slip becomes extrgmigh. In such extreme case, some
routes with shallower angles of attack become beneficiad¢erad the slope.

26



o =90°

Z position [m]

X position [m] 10

Y position [m]

Figure 2.14: Predicted trajectories on 20° slope. The black dashed line represents the goal line.
The locations of the rover center are plotted with an interval of 5 sec.

Table 2.4: Slope-ascent simulation results on 20° slope. For each angle of attack («), the fol-
lowing evaluation criteria are listed: elapsed time (t), travel distance (d), slip ratio (s), slip angle
(8), power consumption (P), total energy consumption (E), uphill velocity (vy), and climbing
efficiency (ny). The best performance values are highlighted in red.

al] tls] dim] s pS[F] PIW] E[kJ] wvylcmis] ny
90 106.1 3.0 0434 0.0 7.01 0.74 2.83 0.365

75 108.8 3.2 0410 6.9 6.69 0.73 276 0.373
60 119.7 40 0.343 116 5.83 0.70 2.51 0.390
45 149.8 58 0.250 13.8 456 0.68 2.00 0.398
30 2589 11.3 0.158 14.6 3.07 0.80 1.16 0.341
15 15918 76.80.059 128 146 2.33 0.19 0.117
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Figure 2.15: Predicted trajectories on 25° slope. The black dashed line represents the goal line.
The locations of the rover center are plotted with an interval of 5 sec.

Table 2.5: Slope-ascent simulation results on 25° slope. The denotations are described in Table
2.4.

afl] tls] dm] s B[] PIW] E[kJ] vylcmis] ny
90

186.6 3.0 0678 0.0 9.74 1.82 1.61 0.185
75 188.5 3.5 0.644 156 9.22 1.74 1.59 0.193
60 205.4 5.1 0.549 23.6 7.87 1.61 1.46 0.208
45 275.7 9.0 0411 255 6.02 1.66 1.09 0.202
30 6845 28.1 0.249 23.9 3.96 2.71 0.44 0.124
15 — — 0.102 210 188 — -0.50 —
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Figure 2.16: Predicted trajectories on 30° slope. The black dashed line represents the goal line.
The locations of the rover center are plotted with an interval of 30 sec. The trajectories of a = 15°
and « = 30° are not shown since these angles of attack could not make uphill progresses.

Table 2.6: Slope-ascent simulation results on 30° slope. The denotations are described in Table
2.4.

afc] tfs] dim] s B[] PW] E[KJ] wvylcmis] ny

90 3607.3 3.0 0983 0.0 14230 51.33 0.08 0.008
75 1296.9 9.2 0921 559 13.016 16.88 0.23 0.024
60 896.4 14.8 0.781 48.3 10.539 9.45 0.33 0.042
45 9416.4 258.2 0.608 44.3 7.778 73.24 0.03 0.005
30 — — 0402 404 4992 — -0.71 —

15 — — 0175 344 2316 — -1.66 —
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Figure 2.17: Definitions of the uphill velocity vy and the uphill force Fy. The rover/wheel is
ascending a slope of an angle 6y with an angle of attack a.

2.3.4 Uphill velocity and climbing efficiency

To evaluate the effectiveness of each angle of attack fpeséscent, two additional metrics are
introduced in this section: the uphill velocity and clim@iefficiency.

As shown in Figure 2.17, the uphill velocity- is the velocity component in the uphill direc-
tion, and it is given in the following equation:

vy = vy sina — v, cosa = rw(l — s)(sina — tan 5 cos a) (2.37)

wherev, andv, are the rover velocity in the vehicle longitudinal and latetirections respec-
tively. r denotes the wheel radius anddenotes the wheel angular velocity.and 5 are the
longitudinal slip ratio and lateral slip angle respectyelnd« is the angle of attackwy indi-
cates how fast the rover can drive uphill.

The other metric, the climbing efficieney-, indicates how efficiently the rover can drive up
a slope, and it is defined as the ratio of the output power taniiigt power during the ascent:

_ Output power  Fyvy

= = 2.
N = nput power — Trw /7, (2.38)

where Fy denotes the uphill directional force extracted by the rdtieough the terrain as de-
picted in Figure 2.17.Tr denotes the wheel drive torque estimated from Eq (2.15)is the
power efficiency of the actuator. If the rover/wheel is aslieg the slope at a steady, constant
speed, then the uphill force equals to the downhill graiatet! resistance:

Fy = Fysina + F,cosa = W sin 6 (2.39)

By substituting Eqs (2.37) and (2.39) into Eq. (2.38), thebiing efficiency can be re-expressed

as follows:

Wsinfy - (1 — s)(sina — tan f cos @)
Tk

Ny = Ta (2.40)
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Higher theny is, the more efficient the rover motion is.

Figures 2.18 and 2.19 show the estimated uphill velocity @imdbing efficiency, respec-
tively, for various angles of attack and various slope angle addition, the uphill velocity and
climbing efficiency in the simulations in Section 2.3.3 astdd in Tables 2.4-2.6.

In Figure 2.18, the uphill velocityy relative to the commanded velocity is plotted. Negative
uphill velocity indicates that the rover cannot ascend tbhpeswith the corresponding angle of
attack. As shown in the figurey becomes its maximum at 9@ngle of attack for the slopes of
10r-2%, and it monotonically declines with the reduction of the langf attack. However the
maximum velocity for 30slope is located at the smaller angle of attack thetr-9fround 62.5.
This is because on the slope, the longitudinal slip becormesst 100% at 90angle of attack
as shown in Figure 2.12.

The climbing efficiencyyy, on the other hand, is almost constant ori 26d 13 slopes
even if the angle of attack is reduced fron? @Mtil a certain angle as seen in Figure 2.19. The
efficiency suddenly drops at angles of attack smaller thahdhd eventually becomes below
zero due to the increase of the slip angle. On slopes stele@ertr equal to 20 a peak in the
efficiency begins to appear at a certain angle of attack. Tiferehce between the maximum
efficiency and that of 90become more significant as the slope becomes steeper.

These trends coincide with the simulation results desdnbé&ection 2.3.3. Notice that the
highest climbing efficiency and the lowest energy consuompdire achieved by the same angles
of attack for each slope as seen in Tables 2.4-2.6. This &usedhe climbing efficiency, and
the energy consumptiof are in an inverse relationship each other:

. Fyl)y . Fydy/t . Fydy Fydy 1

="p P pt  E NF (2.41)

wheredy = vy -t is the travel distance in the uphill direction which is a dans in the simu-
lations. Therefore, the lower climbing efficiency indicatbe lower total energy consumption.
Consequently the climbing efficiency can be considered asagiarfor both the efficiency of the
output power and the required total energy.
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Figure 2.18: Estimated uphill velocity of Andy 2 rover for various angles of attack and slopes.
The relative uphill velocity means the uphill velocity vy normalized to the commanded velocity
TW.
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Figure 2.19: Estimated climbing efficiency of Andy 2 rover for various angles of attack and
slopes.
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2.4 Summary

In this chapter, a slope-ascent rover model was introduseghélyze the effect of the angle
of attack on slope-ascent performance of a rover. The maudists of a steady state slope-
ascent conditions and terramechanics-based wheel-smidation. The terramechanic model
was tuned such that the model implicitly incorporate the@# of the small-sized, light-weighted
wheel, slip—sinkage phenomena at high slip conditions taadurface profile of a wheel.

The followings are the key findings from the analysis basethersingle-wheel slope-ascent
model for the Andy2 rover:

1. On higher slopes, both the longitudinal and lateral raliprbecome larger.

2. The longitudinal slip reduces when the angle of attack getaller tha0°.

3. The lateral slip rapidly increases when the angle of kttcomes smaller thai?, and
it plateaus or decreases when the angle of attack decreases m

4. The uphill velocity decreases with the reduction of thglanf attack on small and medium
slopes. However it has a peak at an angle of attack smallardtifaon extremely steep
slopes.

5. The climbing efficiency does not significantly change with reduction of the angle of
attack until certain angles of attack on shallow slopes,abpeak appears at an angle of
attack smaller thaf0° on extremely steep slopes.

From these observations, for most of slope8 8fgle direct ascent can be said the most
effective angle because of the shortest travel time andriist and also because of its moderate
energy consumption. However, on extreme slopes, the ladigil slip becomes around 100%
when the rover directly ascends. In this extreme case, sontes with shallower angles of
attack can still ascend the slope with higher power effigienc
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Chapter 3

Slope-Ascent Experiments

This chapter experimentally assesses the effect of the afigttack on slope-ascent capability of
a rover and discusses the validity of the slope-ascent nioletiuced in Chapter 2. Section 3.1
describes the rover and test field utilized in the test cagmpéabection 3.2 reviews the evaluation
criteria to compare the slope-ascent performance of a neitbrvarious angles of attack. In
Section 3.3, the test procedures are described. The redulte experiments are shown in
Section 3.4. The validity of the model-based analysis is discussed in this section.

3.1 Testrover and field

In this set of experiments, the Scarab rover shown in Figurevds used as a rover testbed. The
mass of the rover was set to 400 kg and the four rigid wheelslatnd (diameter) by 18 cm
(width) were mounted. The cylindrical surface of the whegtscovered with sandpaper and has
no grouser on it. The rover has active suspension which alsrttie angles of left and right side
rocker arms and the rover roll angle; however in this stuldg, duspension was inactivated to
assess the performance of a general type of rovers that dwametsuch capability. The rocker
angles of the both side were set such that the wheelbase anckig® became the nominal
values. Specifications of the rover in the experiments atediin Table 3.1.

Table 3.1: Specifications of Scarab rover in the experiments. CG X and Y locations indicate the
planar position of the CG in the longitudinal and lateral directions, respectively, with respect to
the geometrical center of the rover.

Mass 400 kg
Wheel diameter 71 cm
Wheel width | 18 cm
Track width | 140 cm
Wheelbase | 120 cm
CG Xlocation | 4cm
CG Y location | Ocm
CG height 64 cm
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Figure 3.2: SLOPE Laboratory at NASA Glenn Research Center.

Tests were conducted using an adjustable tilt bed in the l&tediLunar Operations (SLOPE)
laboratory of the NASA Glenn Research Center (Figure 3.2).sl4eof the tilt bed is the length
of 6 m by the width of 4.5 m and it is filled with 0.23 m deep of GRQihar regolith simulant
which was also used in the single-wheel experiment in theigue chapter.

3.2 Evaluation criteria
In the experiments, the following evaluation criteria wihwere introduced in the previous chap-

ter are used again to evaluate the slope-ascent perfornodutice rover: slip ratio, slip angle,
uphill velocity, and climbing efficiency. The definitions thfese parameters are reviewed bellow.

Slipratio:  The slip ratio represents the longitudinal slip of a rovereBlip ratios is defined
as the ratio of the actual travel velocity of the roveto the commanded reference veloaity;:

a { 1— 2 (if v, <u.y, driving) (3.1)

Zref ] (if v, > v.p, breaking
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The lower the absolute value of the slip ratio is, the bettative capability the rover has on the
terrain.

Slip angle:  The sideslip or skid in the transverse direction of the ehig measured by the
slip anglegs:
5= tan! (ﬂ) (3.2)

whereu, is the rover lateral velocity caused by the sideslip.
Uphill velocity: ~ The uphill velocityvy is the uphill component of the rover velocity, and its
relationship to the velocities in the rover coordinatesiea, andv, is given as

vy = vy sina — v, cos (3.3

whereq is the angle of attack.

Climbing efficiency The climbing efficiencyy, measures the power efficiently of the robot
motion in the uphill direction, and it is given by

_ Output power  Fyvy
= Input power P

(3.4)

where Fy denotes the uphill direction force generated by the rovesuph the terrain and it
becomesd’y = W sin 6, at a steady state” denotes the electrical power input to the rover ac-
tuators during the slope-ascent. Higherindicates more efficient motion the rover can achieve
on the terrain.

3.3 Experiment procedures

In the experiments, the tested slope angle was varied fromefjpees to 25 degrees with an
interval of 2.5 degrees. The angle of attack of the rover waaged from 30 degrees to 90
degrees.

At the beginning of each test, the soil was well loosened andléd. Then the angle of
the tilt table was set to the desired slope angle. The actwedinh inclination was estimated
by projecting dot patterns onto the terrain surface andioibtaa fitted plane based on the point
could data of the terrain surface which was captured by wssigreo camera. The rover was then
placed using a crane such that the slope surface was nataidtand no significant initial wheel
sinkage was induced. The orientation of the rover was sétetalésired angle of attack (Figure
3.3 (a)) using a reference laser maker. Small amount ofrdyificcurred during the placement
and slight deviation of the actual initial angle of attaakirthe target angle happened. Table 3.2
lists the target slope angle and angle of attack along wéltthiresponding actual angles in each
test.

After the placement, the rover was commanded to drive sttigigip a slope at the angle of
attack for 30 seconds. All of the wheels were driven equdliyharotational speed of 1.24 rpm
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(b)

Figure 3.3: Setup of the slope-ascent experiments. (a) The rover was placed on the slope at an
angle of attack « by using a crane. (b) The stereo camera captures the target markers on the
wheels and a software compute their positions with respect to the reference coordinate markers.

which corresponds to the linear speed of 4.5 cm/s. During ¢éast, the motion of the rover
was tracked using a stereo camera shown in Figure 3.3 (b)pdinef cameras captured stereo
images of the target markers on the left front and rear whadelse rover every 2 seconds. The
three-dimensional positions of the wheels at each timedrasere computed offline with respect
to the fixed reference coordinate markers by using a softdareloped by GOM [44]. From the
trajectory extracted, the average rover velocities weea ttalculated, and the average values of
the evaluation metrics described in Section 3.2 were egtitna

3.4 Experiment results

3.4.1 Rover trajectory

Some of the rover trajectories measured in the experimeatsteown in Figures 3.4-3.7. In
these figures, the dashed lines indicate the commandedttiags while the markers represent
the actual rover trajectories plotted at an interval of 2 sec

As seen in these figure2, the longitudinal progresses ofwer were shorter than the length
of the commanded trajectories due to the longitudinal slipj the rover trajectories deviated
from the commanded lines toward the downhill direction du¢he lateral slip. It can be also
seen that the shallower angles of attack could travel lodggance because of lower slip ratio.

On the slope of 2Q the angles of attack of 9@&nd 73 could barely make an uphill progress
while 60’ angle of attack slid downhill as shown in Figure 3.6. The lardjnal slip exceeded
90% in these cases. On the°Zfdope, none of the angles of attack tested could make uphill
progresses as seen in Figure 3.7; the rover downslid ‘abii® 60 angles of attack, and the
longitudinal slip reached 100% at©angle of attack.

In addition to the experiments, numerical simulations @f tbver motions were conducted
based on the slope-ascent model for Scarab rover. For thelmodhputation, the wheel—soil
contact parameters listed in Table 2.2 were used along Wehweight and wheel size of the
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Table 3.2: Slope-ascent test matrix. Target and actual slope angles and angles of attack are
listed.

10°
Data collection failure
13.8 28.4
132 50.4
12.5° 60° 13.4° 56.3°
75° 13.3° 73.0°
90° 13.1° 90.7°
30° 155° 32.3°
45° 15.9° 46.9°
15° 60° 15.0° 55.4°
75° 15.6° 12.2°
90° 155" 90.9°
60° 18.5° 59.1°
11.5° 75° 17.9° 76.3°
90° Test failure
60° 20.7° 55.9°
20° 75° 20.6° 73.8°
90° 20.8° 89.0°
60° 25.8° 59.4°
25° 75° 26.2° 3.7
90° 25.3° 89.3°

Scarab rover. The parametérsandk for Scarab were identified from the slope-ascent experi-
ment results.

Sample model-predicted rover trajectories are shown inrgi@.8 with the trajectories ob-
served in the experiments. While some level of errors existpredicted trajectories are close
to the ones observed in the experiments. One of the sourdhs efrors lies in the steady state
assumption for estimating the trajectories. The actualeivbigppage and sinkage develop over
time and approach their steady state conditions. Thatesa¢tual wheel slip was lower than the
predicted steady state values at the initial stage of theomatesulting in the gaps between the
two corresponding trajectories.

The prediction errors in the final rover position are comgdute each case, and the averages
over the same slopes are listed in Table 3.3. One noticehinlg is that the errors are larger
in the'Y” direction than in theX direction over all slopes. This can be also seen in Figure 3.8
Moreover, the predicted trajectories are all on the dovsidie compared to the corresponding
trajectories in the experiments. That is, the predictioescanservative and lie on the safe side.
This is preferable to avoid risks of selecting wrong, noceaslable vehicle headings.
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Z position [m]

0 Y position [m]
X position [m]
Figure 3.4: Rover trajectories on 6y = 10° slope. The dashed lines represent the commanded

trajectories and the markers show the actual trajectories during the experiments. The rover
positions are plotted with an interval of 2 sec.
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Figure 3.5: Rover trajectories on 6y = 15° slope. The dashed lines represent the commanded
trajectories and the markers show the actual trajectories during the experiments. The rover
positions are plotted with an interval of 2 sec.
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0 Y position [m]

X position [m]

Figure 3.6: Rover trajectories on 6, = 20° slope. The dashed lines represent the commanded
trajectories and the markers show the actual trajectories during the experiments. The rover
positions are plotted with an interval of 2 sec.
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X position [m]

Figure 3.7: Rover trajectories on 6y = 25° slope. The dashed lines represent the commanded
trajectories and the markers show the actual trajectories during the experiments. The rover
positions are plotted with an interval of 2 sec.
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Figure 3.8: Comparisons of the rover trajectories from the simulations and experiments. The
solid lines and markers represent the simulation and experiment trajectories, respectively.

Table 3.3: Average of the final position errors in the simulations.

Slope
10.0 125 15.0 17.5
X [m] 0.018 0.021 0.032 0.013
Y [m] 0.109 0.105 0.119 0.061
Total [m] 0.111 0.113 0.124 0.062

Position error
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3.4.2 Rover slippage, uphill velocity, and efficiency

The slip ratio, slip angle, uphill velocity, and climb efficicy estimated from the experiments
are plotted in Figures 3.9-3.12 together with those predittased on the analytical model.
As shown in Figure 3.9, the measured slip ratio basicallyeteses with the reduction of the
angle of attack. The model-predictive curves of the sliprahow a good agreement with this
experimental trend.

The slip angle predicted from the model also captures théetaries observed in the ex-
periments as seen in Figure 3.10. When the angle of attackases from 90 the slip angle
drastically increases and it turns to gradual reductionth@sngle of attack further decreases.
Notice that the predicted slip angle is tend to be larger thanh observed in the experiments.
This resulted in the larger position errors in the trajectaedictions mentioned in the previous
section. Again, the overestimate of the slip means the gtiediis on the safe side, and the rover
actually could generate the lateral force larger than ptedi In addition, while some large devi-
ations from the experiment values exist at arountdafigle of attack on Z0slope, this prediction
error is not necessarily critical. This is because the ptedislip angel reached 9inhdicating
that the rover cannot ascend the slope at the angle of attaclact, that slope is around the
mobility limit for the configuration of the Scarab used in #geriment, and the slip ratio of the
rover reached close to 1.0 as shown in Figure 3.9.

The predicted curves of the uphill velocity and climbing@éncy also agrees with the trends
seen in the experiments as shown in Figures 3.11 and 3.12. d¥lthee trends of these mobility
curves of the tested rover are similar to those of the AndysZiileed in Section 2.3. One of the
major differences is that the Scarab’s velocity and efficyszurves show no clear peak at angles
smaller than 9Q This indicates that direct slope ascent is the most prelieraption for the
tested configuration to ascent slopes, in terms of the wglaoid power efficiency. This mobility
difference between the two rovers is further discussedam#xt section.

Overall, the model-based predictions agree with the expental results. Also, while there
exist gaps between the predicted and experimentally obdestip angle, the prediction is on safe
side. This fact validates the utility of the slope-ascenteio
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Figure 3.9: Slip ratio vs angle of attack relationship of the Scarab for different slopes 6,. The
markers represent the average slip ratio measured during the experiments whereas the error

bars represent the 1-standard deviations. The model predictions are plotted with the solid
curves.
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Figure 3.10: Slip angle vs angle of attack relationship of the Scarab for different slopes 6.

The markers represent the averages measured during the experiments whereas the error bars
represent the 1-standard deviations. The model predictions are plotted with the solid curves.
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fy. The markers represent the average efficiency during the experiments whereas the error bars
represent the 1-standard deviations. The model predictions are plotted with the solid curves.
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3.4.3 Comparison of slope-ascent performance of Andy 2 and Scarab

Figure 3.13 compares the four mobility criteria of Andy 2 &@chrab. As mentioned in the
previous section, Scarab rover does not clearly show pefatke aiphill velocity and climbing
efficiency at any angle of attack smaller thari 8@like Andy 2 does. The velocity and efficiency
is determined by the balance of the longitudinal and latglipl By comparisons of slip angle
curves of Andy 2, it can be seen how rapidly the lateral slithefScarab rover increases when
the angle of attack is changed fronr98ecause of this rapid increase of the lateral slip, diagonal
ascent is less effective, for Scarab in the tested configmatompared to direct ascent when
ascending steep slopes.

From these observations, it can be concluded that whetlagodal slope-ascent provides
an advantage over direct ascent is dependent on the matfilityover. Especially, the level of
the lateral slip significantly affects the diagonal-asqerformance of the rover. Moreover, the
reduction of the lateral slip is an important factor for $takr angles of attack to be beneficial
to ascend steep slopes. Although the target of this res&alichited to the nominal rover con-
figuration, this is the reason why the active posture cosisbbw great slope-ascent capability
with small angles of attack [19]; A rover can significantlgluee the lateral slip on slopes when
its body and wheels are leaned to the slope. The active ogtcan reduce downhill sideslip
because it can modify the wheel—-soil contact condition addice the lateral gravitational resis-
tance, which is the main cause of the sideslip on slope [45].

Another possible approach to reduce the downhill sideslip mount tall grousers on wheels.
Taller grousers can interact with deeper portions of sokmelsoil show stronger bearing and
shearing capability. This is why some angles of attack ssméilan 90 have possible advantage
for the Andy 2 rover to ascend steep slopes unlike the testathB configuration which has no
grouser on its wheels. Appendix B discusses the importainebeel grousers to reduce sideslip.
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Figure 3.13: Comparisons of the slope-ascent performances of Andy 2 and Scarab rovers.
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3.5 Summary

Slope-ascent experiments were conducted using a fourlathemver, Scarab, on various angles
of slope and at various angles of attack. The experimenttsesttowed a good agreement with
the qualitative trends shown in numerical simulations @& $hhme rover. Quantitatively, there
exist gaps between the predicted slip and that observed exjperiments; however, the predicted
rover motions are conservative compared to the actual roeéion. That is, the model can avoid
erroneously selecting routes that are actually not caplalscending slope. These facts support
the validity of the model-based analysis of the influencehefdangle of attack and the utility of
the model for the application to motion planning.

Besides, based on the comparison of the slope-ascent agpatdndy 2 and Scarab rovers,
it can conclude that whether diagonal ascent can providerb&bpe-ascent performance than
direct ascent is highly depending on the mobility of the rateelf. The diagonal ascent perfor-
mance can be improved by increasing the lateral force, pr gfithe rover against sideslip. That
can be accomplished by employing appropriate locomotigigdeor by providing additional
degrees of freedom for reposturing the vehicle.
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Chapter 4

Selection of Safe and Efficient Routes

This chapter presents a strategy to select a route for effigiascending slope. The strategy is
introduced and described in Section 4.1. Then the slopfctbflity characteristics of rovers
is assessed in Section 4.2 to implement the strategy. InoBeti3 the utility of the proposed
strategy is demonstrated by simulations.

4.1 Route selection based on slip regulation and efficiency max-
imization

According to the analysis in the previous chapters, a langgesof attack, such as 90may be
an effective option to ascend slopes because of their Storéwel distance, and relatively faster
and higher efficient motion. However large angles of attaamkehinherent higher longitudinal
slip and thus higher risks of immobilization. In a slope&sccase, even if a rover slippage
reaches 100% and the rover has no uphill progress, it cape$can the high slip situation by
just driving backward downhill. However it requires sulpdial recovery effort and an additional
operation time and energy. Hence it is preferable to avatighuation in advance by carefully
selecting routes. Shallower angles of attack, on the othedhcan achieve lower wheel slip
and power at expense of speed and gross energy. Though, dexgehill skid possibly causes
huge localization errors and potential collisions withtalotes. Therefore everything is trade-off
among safety, distance, time, and power efficiency.

One common solution is creating a cost function as a weightea of these metrics and
derive a route that minimizes the total required cost [46}jeSe weighting factors can be allo-
cated to each metric depending on the user’s preferencls amission scenarios. The resulting
paths depends on how the weights are assigned to each nf@riexample, providing a larger
weight on safety can result in a safer but longer, energifianent path. Preferable paths can be
generated by defining the weights depending on what theyatsrat. However, it is not easy
to reasonably decide the weights, and the difficulty inaeas the number of the incorporated
evaluation criteria increases. A best weight combinati@y tme able to find by varying the all
weights and by comparing the resultant paths [47].

In this research, rather than using a cost function of varroatrics, a route selection strategy
is proposed, in which a slip threshold is utilized to regeitdite vehicle longitudinal slip, and a
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route, or angle of attack to slope, is decided by maximizheydlimbing efficiency under the
slip regulation. The route selecting is expressed as a singistrained optimization problem as
follows:

o = argmax ny (a, s)

. (4.1)
subject to s < sy,

wherea* denotes the selected angle of attacls the slip ratio,sy, is the threshold slip, angh
is the climbing efficiency estimated from Eq. (2.38) or (3.40

The climbing efficiency is selected for the single metrictdoaction since the parameter can
represent and include the all aspects of travel time, distaand total energy consumption as
discussed in Section 2.3.4, i.e. higher climbing efficienmans relatively shorter travel time,
shorter distance, and lower energy consumption. This kirshergy-related metric is preferable
since it can also reflect the roughness of the terrain (mogeggnequired for traveling rocky or
bumpy terrains) in addition to the path length [9, 31] althlothis research assumes terrains of
smooth surfaces.

The idea of the slip threshold is introduced because it esabsers to directly and more
effectively limit the level of the vehicle slippage than iligitly regulating the slip by incorpo-
rating it into a cost function and minimizing it. The thresdhtevel can be chosen depending on
the mission scenario and situation. For example, 20% slionsidered as one of the effective
threshold levels. Typically, vehicle slip develops geratyslip lower than 20-30%. However, it
rises rapidly over the slip level. In another perspectivieegls can achieve highest tractive effi-
ciency, which is defined as the power efficiency in the velsdtngitudinal direction, at around
10-30% slip. Therefore 20% slip can be thought as a safe &inkef travel condition. Another
threshold level to take may be 60% slip at which the driveesdnte care about the vehicle slip.
Over 80% can be considered as a dangerous slip level, and [§5% the slip level where the
longitudinal progress of the motion is almost zero and ahighest risk of immobilization.

4.2 Assessment of slope trafficability characteristics

Before implement the proposed strategy, slope trafficglofirovers are assessed in this section
to understand the overall characteristics of the metriasiwed in the problem.

4.2.1 Slope trafficability diagram

Figure 4.1 shows the trafficability characteristics of Aridgnd Scarab over various slopes. The
term trafficability refers to a capability of a vehicle torab or traverse a specific type of terrain
without losing its traction [26]. In the slope trafficabyliliagram, contours of slip ratio (Eq.
(2.6)) and climbing efficiency (Eqg. (2.38)) are mapped irfte #,— space. The solid black
curves represent the boundary for the angle of attack whetaeslope is ascendable or not. The
angles of attack outside of this boundary indicates thatdkier cannot ascend the slope either
due to large longitudinal or lateral slip. Notice that thexmaum angle of attack is clipped to
9(r as the angle betwedri < o < 90° results in the same performance as the anglé — a.
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Figure 4.1: Slope trafficability diagram of Andy 2 and Scarab rovers. Contours of the slip ratio
and climbing efficiency are projected into the 6,—«a space. The solid black curves represent the
boundary of the slope-ascendable angle of attack. The angle of attack outside this boundary
cannot ascend the corresponding slope.
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The trafficability diagrams indicate how Andy 2 and Scaraldgen differently on a same
slope and at a same angle of attack. The area of the accéssdalrdable slopes is smaller for
Scarab (with the tested configuration) compared to Andy 2 Sibepest slope ascendable with
9(r angle of attack is around 3@or Andy 2 whereas it is around 18or Scarab. The diagram
also insists that Andy 2 cannot ascend slopes oven&b the 90 angle direct ascent. However
the rover can diagonally ascent slopes up to around’3tith some range of angles of attack.
On the other hand, Scarab cannot diagonally climb up theeslaghere the 90angle of attack
fails.

The slip ratio contours shown in Figure 4.1 (a) and (b) regmeshe threshold slip levels
for Andy 2 and Scarab, respectively. From the slip ratio oarg, the slopes ascendable with
each threshold slip can be looked up along with the corredipgrangle of attack to achieve that
ascent motion. For example, Andy 2 can ascend slopes up ta a6owith slip ratio of 0.2 or
lower by appropriately selecting the angle of attack whetba steepest slope ascendable with
the same slip regulation is about°i@r Scarab rover.

Figure 4.1 (c) and (d) shows the climbing efficiency contdarAndy 2 and Scarab, respec-
tively. The contour maps show how the power efficiency for glugpe-ascent varies when the
angle of attack changes. As depicted in the figures, the ehartye climbing efficiency is more
sensitive in the change in the slope angle than the anglaaifkatespecially at large angle of
attack. The efficiency contours also become denser as the @frgttack gets smaller than about
30-40, indicating rapid drop off of the efficiency. The efficienayrtour map is informative to
comprehend the efficiency variation when selecting theeaaofyhttack with the slip ratio contour
map.

4.2.2 Climbing efficiency diagram

While the trafficability diagram is informative to understitie slope-ascent performance of a
rover in the entiréd, —« space, the trafficability characteristics can be moretintly understood

if the rover trafficability is visualized for a target slopErom this motivation, another type of
chart, namely Climbing Efficiency Diagram (CED) is proposerehén example CED for Andy

2 rover is shown in Figure 4.2. The CED is basically twofold) tfie angle of attack—climbing
efficiency characteristic curve and (2) the superimposedatio thresholds for the given slope.
The diagram indicates comprehensive trafficability of txer at various angles of attack over
the corresponding terrain, showing the climbing efficierstgpe ascendability, and slip ratio.

First, the diagram provides the information of how the ediny changes along with the
angle of attack. As shown in Figure 4.2 the climbing efficiegently increases when the angle
of attack reduces from 90Qit reaches the highest value and then it drops down as the ahg
attack gets further smaller.

Secondly, the diagram indicates the minimum feasible aofjktack to ascend the slope.
According to Figure 4.2, the angle of attack smaller thab12annot climb up the slope since
the climbing efficiency becomes negative.

At last, the CED also shows the variations of the slip raticdifferent angles of attack. More
specifically, it can be noticed from the diagram that the i is0.1 < s at the angle of attack
betweern)®° < a < 21.4°, andthe slipi9.1 < s < 0.2 at21.4° < a < 36.5°, and so force. The
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Figure 4.2: Climbing efficiency diagram of Andy 2 for 20° slope. Multi-levels of slip threshold are

rendered with different colors. The diagram indicates climbing efficiency, slope-ascendability,
and slip levels for various angles of attack.

width of the slip ratio band to show can be arbitrarily seteteing on how much details of the
slip variation needs to be known.

From these three features, a preferable rover heading ctnubeé by setting an appropriate
slip threshold level and then by maximizing the climbing @éincy of the motion under the
regulation.

4.3 Simulation of route selection

In this section, the strategy to select a route using the @fighgfficiency Diagram is demon-
strated through a series of slope-ascent simulations. RéotédAndy 2 and Scarab are derived
for different terrain situations.

Andy 2 over 20’ slope

Figure 4.3 (a) shows the CED for Andy 2 on°Xope. Here two slip threshold levels, = 0.2
ands;, = 0.6, were set. Then, the angles of attack that maximize the alignéfficiency under
these constraints were found: 36a&nd 48.0, respectively. The corresponding trajectories with
these headings are visualized in Figure 4.3 (b) with the miagand red markers, respectively.
Similar to the simulation in Section 2.3.3, the goal was séhe line 3 m uphill, and the rover
reference velocity was set to 5 cm/s. In the figure, the matiibim the 90 angle of attack is also
depicted with the blue markers as a reference. Table 4.1 suzes the results of the simulation.
Under the threshold of;;, = 0.2, the rover achieved -24.8% lower slip ratio compared to the
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route ofs;, = 0.6 while it took +38.8% longer time and consumed 7.4% more gntally.

On the other hand, the 9@ngle of attack route required 24.1% shorter time than théerof
si, = 0.6, but the rover slipped 63.2% more and consumed 10% more\enditgregard to the
sy = 0.6 route.

Andy 2 over 25 slope

The CED for 28 slope is shown in Figure 4.4 (a). The same slip constraits= 0.2 and
sy = 0.6, were applied in the route selection stage. The correspgndiutes that attain the
maximum climbing efficiency under these constraintscare 24.7° anda = 55.0°, respectively.
As seen in the simulated trajectories shown in Figure 4.4tfi® route withs;, = 0.2 is not
preferable because of the long, shallow trajectory andubstantial time required to reach the
goal line. It also requires 571.9% more energy relative éattute with the threshold af, = 0.6
according to Table 4.2. The = 55.0° route (s, = 0.6) could ascend the slope with 25% lower
slip and 11.9% less energy with respect to the direct asdérmugh the travel distance was
almost double.

Andy 2 over 31° slope

This slope is around the limit of the trafficability of Andy @wer as seen in Figure 4.1 (a). On
this slope, the rover can no longer drive directly up the slap90 angle of attack, but it can
ascend with some smaller angles. The slope-ascendabke@fragtack is very limited and rages
from about 51.5to about 69.5as depicted in Figure 4.5 (a). In addition, it can be infefrech
the figure that the rover will experience very high level gb sit those angles of attack; the lowest
slipis 0.73 at 51.5 As the target terrain is so challenging that the rover caascend directly
and that significantly high slip is inevitable at any anglatifck, the goal of this scenario is to
derive a route which can efficiently rescue the rover fromtdreain by taking the risk of high
slip.

From the above observation, two slip thresholgs= 0.8 ands;, = 0.95, were set. Selected
angles of attack for these slip constraints were 57.3° anda = 59.0°, respectively. Figure 4.5
(b) visualizes the executed motions of the rover at theskeaidattack. Notice that the rover did
not make any forward progress at all with= 90° as mentioned. The two routes that correspond
to slip thresholds of;, = 0.8 ands;, = 0.95 are very close to each other, but the latter route
could ascend the slope with 9.2% shorter time and 6.2% lesggrconsumption compared to
the former by increasing the slip ratio by 2.0%. The simolatiesults are summarized in Table
4.3.

Although the rover can still ascend the slope diagonallyeguires very long transverse
distance to reach the goal line due to the large lateral Sl actual angles of motion are just
approximately 3 off from the base of the slope. Therefore, the benefit of tlagainal slope-
ascent will be only available in the case where that longsebgpe exists such as craters of
large diameter. One might think the rover can climb up theelwith shorter transverse width
by selecting a switchback path in which the rover repeatsrating the slope at an angle and
point-turning after traveling some distance. This apphoamot always feasible since steering
or point-turning on steep slopes cause a substantial anedwiawnhill skid. That is, the rover
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will highly possibly make no gross uphill progress in loosedia due to large downhill skid
during point-turning.

Scarab over 13 slope

15° slope is a difficult terrain for Scarab rover as it is reldinveose to the trafficability limit of
the rover as seen in Figure 4.1. Figure 4.6 (a) shows the CEBdarab on the slope. Unlike
Andy 2, no peak efficiency exists below the’3hgle of attack. As the slip ratio becomes more
than 0.6 for the slope-ascendable angles of attack, thesgjipation is set te,, = 0.8 ands,;, =
0.95 here again. The corresponding angles of attackiate 70.5° anda = 90°, respectively.
The simulation results of these angles are illustratedguifé 4.6 and summarized in Table 4.4.
The direct ascent route got 3.2% higher slip ratio, with eespo the route derived under the
lower slip threshold, however, it can ascend with 11% shdmee, 33% shorter distance, and

6.6% less energy consumption. Therefore, for Scarab, tieetdascent is a preferable solution
for this terrain.
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Figure 4.3: Route selection for Andy 2 over 20° slope. o = 36.5° and « = 48.0° correspond to the routes
which achieve the maximum efficiency under the slip threshold of s;;, = 0.2 and s;;, = 0.6, respectively.
The arrows in (b) represent the target headings that correspond to the selected angles of attack.

Table 4.1: Slope-ascent simulation results of Andy 2 on 20° slope. For each angle of attack («), the
corresponding travel time (), travel distance (d), slip ratio (s), slip angle (5), uphill velocity (vy), climbing
efficiency (ny), and energy consumption (E) are listed.

af] t[s] dim] s B[] wylemis] ny ET[k]]

90.0 106.1 3.0 0434 0.0 2.83 0.365 0.74
48.0 139.8 5.3 0.266 13.3 2.15 0.402 0.68
36.5 194.0 8.0 0.200 145 155 0374 0.73

56



025

$<0.1

0.1<s<0.2
02 0.2<s<04
0.4<s<0.6
0.6<s<0.8

0.1

Climbing efficiency

0 10 20 30 40 50 60 70 80 90
Angle of attack [ © ]

(a) Climbing efficiency diagram

Z. position [m]

X position [m] 10 Y position [m]
(b) Predicted trajectories. The rover positions are plotted with an interval of 5 sec.
Figure 4.4: Route selection for Andy 2 over 25° slope. o = 24.7° and a = 55.0° correspond
to the routes which achieve the maximum efficiency under the slip threshold of s;;, = 0.2 and

s¢n, = 0.6, respectively. The arrows in (b) represent the target headings corresponding to the
selected angles of attack.

Table 4.2: Slope-ascent simulation results of Andy 2 on 25° slope.

af] t[s] dml s B[] wlem/s] ny ElkJ]

90.0 186.6 3.0 0678 0.0 1.61 0.185 1.82
55.0 2194 6.0 0.507 24.7 1.37 0.210 1.60
247 3331.8 1454 0.200 23.5 0.09 0.031 10.75
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Figure 4.5: Route selection for Andy 2 over 31° slope where 90° angle of attack ascent can no
longer make an uphill progress. o = 59° and « = 57.3° correspond to the angles of attack which
obtains the maximum efficiency under the constraints of s;;, = 0.80 and s;;, = 0.95, respectively.

Table 4.3: Slope-ascent simulation results of Andy 2 on 31° slope.

al] tls] dlm] s B[] wylemis] oy  E[KJ]
900 — — 1000 0.0 0.0 — —
59.0 3115.6 49.6 0.820 555 0.096 0.01193 34.31
57.3 34314 58.8 0.800 54.4 0.087 0.01117 36.61
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Figure 4.6: Route selection for Scarab over 15° slope. a = 70.5° and a = 90° correspond
to the routes which achieve the maximum efficiency under the slip threshold of s;;, = 0.8 and
s¢p, = 0.95, respectively. The arrows in (b) represent the target headings that correspond to the
selected angles of attack.

Table 4.4: Slope-ascent simulation results of Scarab on 15° slope. For each angle of attack (),
the corresponding elapsed time (t), travel distance (d), slip ratio (s), slip angle (3), uphill velocity
(vy), climbing efficiency (ny), and energy consumption (F) are listed.

al] tls] dIm] s B[] wvylemis] ny  E[kJ]
90.0 3428 3.0 0875 0.0 0.088 0.0255 59.70
705 3885 45 0.800 286 0.772 0.0238 63.90
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4.4 Summary

In this chapter, a route selection strategy was proposedrfcgfficient and successful slope-
ascent. The route selection is made by regulating the \ehunfyitudinal slip with a slip thresh-
old and by maximizing the power efficiency to ascend the slopger the slip regulation. The
proposed method derives an effective slope-ascending retiih a user-defined slip level and
relatively short travel time, short distance, and lessgneonsumption.

In addition, two types of diagrams to assess the slopedadiifity of a rover were introduced:
slope trafficability diagram and climbing efficiency diagra Both of them are informative to
comprehend tractive performance of a rover over slopediteand to derive an effective path
to overcome a target slope. The climbing efficiency diagraas applied to the proposed route
selection strategy, and its usefulness was shown in nualeimulations.

Moreover, the trafficability analysis showed that the tleepest slope which can be directly
ascended is around 3€r Andy 2 and around X8for Scarab. Andy 2 can climb slopes up to
31.5 by a diagonal ascent with shallower angles of attack wheBeasab cannot diagonally
ascent slopes where direct ascent fails. One noticealnig,thowever, is that while Andy 2 can
diagonally ascend such steep slopes, it requires longvigesestrails to overcome the slopes due
to large downhill skid. Ascending crater walls is a poss#ilaation in which the diagonal ascent
will achieve successful slope climbing.
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Chapter 5

Conclusion

5.1 Summary and conclusion

This thesis addressed the problem of finding efficient rotdeascend slopes of deformable
material. To this end, the influence of the angle of attackhendlope-ascent performance of
rovers was investigated. The analysis was made based otoffeeascent model and actual
rover experiments.

Slope-ascent rover model was developed based on a stesglglstge-ascent condition and
terramechanics-based wheel-soil interaction. Based omdigel, rover longitudinal and lateral
slip, uphill velocity, and climbing efficiency were predéct and associated with the angle of
attack. The model-based analysis of the slope trafficgl@fidndy 2 rover showed the following
trends: when the angle of attack is reduced frorf 80 most of slopes

1. The longitudinal slip monotonically reduces.

2. The lateral slip rapidly rises at first and then it gentlgréases or plateaus.
3. The uphill velocity decreases.
4.

The energy efficiency does not significantly change untiédain angle of attack, but it
rapidly drops off after that.

Direct slope ascent is an effective option to ascend slopause of its shortest travel distance,
and relatively faster and higher efficient motion. Howewgé angles of attack have inherent
higher longitudinal slip and higher risk of immobilizatio®n the other hand, a shallower angle
of attack is preferable if the longitudinal slip is a criti¢actor since a small angle of attack can
achieve lower longitudinal slip, but it requires longewgktime, longer transverse distance, and
higher energy consumption. Also, on an extremely steepeslapover can no longer generate
sufficient traction for direct ascent. In that case, diagstape ascent is the only viable option
to overcome the terrain.

The slope-ascent experiments using a four-wheeled rowaraB, showed a good agree-
ment with the qualitative trends of numerical simulatioosthe same rover. While there exist
prediction errors between the model-predictive slip arab¢hobserved in the experiments, the
predicted rover motions are conservative and on the sadengdi@n compared to the actual rover
motion. These results supported the validity of the moaelell analysis and the utility of the
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model for the application to motion planning.

These analyses led to propose a strategy to select an dffaidrsuccessful route to over-
come slope. The proposed route selection strategy coonstisis slip regulation and the climbing
efficiency maximization under the slip constraints. Thadl#as a rover to explicitly regulate its
longitudinal slip within the user-defined slip thresholddaaccomplish relatively short travel
time, short distance, and less energy consumption. The s@léction method was implemented
with the climbing efficiency diagram, and demonstrated #sfulness in numerical simulations
for different rovers and for various slopes.

5.2 Contribution

The one of the main contributions of this thesis is the dedaivestigation of the influence of the
angle of attack on slope-ascent performance of rovers.it@ spthe importance of the problem,
it had been an open question, and no detailed analysis offfénet ef the angle of attack had
been made before. This research revealed for the first timeelationship between the angle
of attack and slope trafficability of rovers based on phybiased analysis and experimentation.
The analysis showed that preferable routes to efficientterad terrain depends on the slope
inclination and also depends rover mobility.

This research proposed a route selection strategy for oveng challenging slopes. While
tons of path planning algorithms have been proposed, ndreai explicitly addresses the prob-
lem of the slope-ascent over deformable terrains wherersowél experience high slippage.
This research developed a planning algorithm to find effi@®pe-ascent routes for those types
of terrains.

Another contribution made from the analysis is the clarifaraof the key factor to improve
rovers’ slope-ascent performance: reduction of the whidebksp. The sideslip on sloped terrain
is mainly induced by the lateral gravitational resistaritthe wheel does not have the capability
to generate large lateral force against the gravitatiamakf, high sideslip is induced, resulting in
a large deviation of the motion from a commanded trajectdhat makes diagonal slope-ascent
less useful. The sideslip can be reduced by either incrgdkanlateral force which the wheel
can generate or by eliminating the lateral gravity resistai he former can be accomplished by
employing tall grousers or side-caps on wheels that workaspsrs against the downhill slide.
The latter can be made by actively controlling the roll of theer. By making the body and
wheels level on inclined terrain, the wheel-soil contaatestan be changed such that the gravity
resistance in the lateral direction disappears. In eithay, whe rover can reduce the downbhill
sideslip, and improve the diagonal ascent performancelanadverall slope-trafficability.

The results of this thesis contribute to develop motion pilag and control strategies of
rovers and also to develop locomotion configurations andratswhich can have high terrain-
negotiation capability that can expand the area where sasam access and discover more sci-
entifically important and interesting findings on other aldtiodies.
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5.3 Future work

There are many possible directions of work to support anenekthis research.

First and foremost, an experimental validation of the pemgbroute selection strategy is
highly important. In this thesis, the strategy was only destiated in numerical simulations. A
validation by experiments will strengthen the argue of tieisearch and also will provide new
findings and problems that cannot be encountered in simokk&nd also provide a chance to
eventually improve the robustness of the planning system.

Second, it is also important to improve the slope-ascenetaescribed in this thesis. While
the single-wheel model can predict simple linear motionsowérs, the accuracy of the predic-
tion should be improved by combining the wheel—soil intecacmodel with vehicle dynamics
which is also applicable to many other motion planning anatr@d problems. Learning-based
approach, such as parametric or non-parametric regresssganother possible way to model
rover behaviors if training data of past experience of revsravailable. Moreover, the slip
model used in this research is deterministic and does netitadx account the model inaccuracy
or uncertainty of the model parameters. On challengingitersuch as a steep slope, only small
prediction errors can jeopardize the entire mission or ems®ely restrict the potential rover per-
formance. Adopting stochastic techniques [48, 49] is onesiiabe solution to treat the model
uncertainty.

Another prospective area of future research is incorpugdtie ideas developed in this re-
search into a global/local path planner. The target of tegearch was quite specific to the
problem of slope-ascent over deformable terrain. It is irtgrd to incorporate the analysis re-
sults and proposed strategy into more general path planAerexample solution is switching
the planning policies depending on the target terrain osimisscenario: using a general planner
for gentle terrain and selecting the proposed scheme fep s&grain.

In addition to the route selection, another key factor tocegsfully reach a goal is how to
control the vehicle motion to follow the planned route. Thahpfollowing can be made by
either an open-loop feed-forward approach based on a npwddietive motion generation or
a closed-loop feedback control which utilizes sensoriieed to remedy path-tracking errors.
The former approach can provide preferable motions in azhjdsut the control performance is
sensitive to the model accuracy. On the other hand, the Bdtes not require fine models, but
difficult to recover to the planned path if the initial giverotion is inappropriate. A good way
to improve the path-following performance is to combinehbapproaches; A model-predictive
feed-forward controller generates a good initial motiorevaas a feedback controller minimizes
the path-tracking errors [9, 50]. The slope-ascent modelthe model-based analysis made in
the research are applicable to such motion controllers.
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Appendix A

Validity and Limitation of Single-Wheel
Representation

This chapter discusses the validity and limitation of timgk-wheel representation of a rover for
slope-ascent performance analysis. Weight distributadriee two rovers, Andy 2 and Scarab,
are first computed based on static analysis. The predidgérein the single-wheel model are
then compared to those based on a full-vehicle model.

A.1 Analysis of weight distribution

A.1.1 Weight distribution model

Based on a static analysis, the weight distributed on eaclehdfi@ four-wheeled rover can be
estimated from the geometric configuration of the rover aéagethe slope and angle of attack
(see Figures A.1 and A.2) as follows:

Wg = WLTR% 1—%tan6p 1—D£rtan(9¢) )
WFT:WLTR% 1—£tan9 1—|—D£ltan9r>
Lp D, = (A.1)
Wi = WEEL: (14 £ tand, ) (1— £ tan6, )
Wi = WEER (14 2 tang,) (1+ £ tans, ) )

where the subscript8’ and R represent front and rear wheels, respectively, whereaxd r
represent left and right wheels, respectivély.is the total weight of the rovefl,, andé, denote
the pitch and roll angles of the rover, respectively, anddatermined from the slope anglg
and angle of attack as in Egs. (2.4) and (2.5)L; denotes the longitudinal distance from the
planner CG location to the wheélwhile D; denotes the lateral distance from the CG to the
wheel.L = Lr + Lr andD = D, + D, are the wheelbase and track width, respectivélyis
the height of the CG with respect to the ground.

Note that it is assumed here that the weight redistributipdifferential suspensions is neg-
ligible in the case of simple linear motions on a slope of adlaftace, which is the target of
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Figure A.1: Steady state slope-ascent by a four-wheeled rover. The rover is ascending a slope
of angle 8y at an angle of attack «.

A Uphill

Figure A.2: Schematic view of a planar CG position of a rover projected onto the slope surface.

this thesis. This assumption is violated when a rover tse@highly rough terrain and when
skid-steering with differential suspensions is engagddl [B these situations, the effects of the
suspension should be explicitly taken into account.

A.1.2 Weight distribution of Andy 2 and Scarab

The weight distribution of Andy 2 and Scarab rovers are eseah from the above mentioned
model. The dimensions and CG locations of these rovers deel lis Table A.1. Despite there
exist large differences in mass and size between the twaogptleeir aspect ratio (the ratio of
the track width to the wheelbase) and the CG height ratios @@eheight normalized to the
wheelbase or track width) are very similar.
Figure A.3 shows the variation of the weight on each wheelmdyA2 on slopes of0°, 20°,

and30° with various angles of attack. Here the angle of attack ofvaracreases positively in
counterclockwise; the angle @8 when the front and rear left wheels are located uphill ankitrig
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Table A.1: Dimensions of Andy 2 and Scarab rovers with the configurations in the analysis. CG
X and Y locations indicate the planar position of the CG in the longitudinal and lateral directions,
respectively, with respect to the geometrical center of the rover.

Andy 2 Scarab

Mass 25kg 400 kg

Track width D 80cm 140cm

Wheelbase L 60cm 120cm
CG X location 2cm 4cm
CG Y location 0.3cm Ocm
CG height H 3lcm 64cm
Aspect ratio D/L 1.33 1.16
CG height ratio H/L| 0.52 0.53
CG height ratio H/D| 0.39 0.46

wheels are downhill, anb0° when the front wheels are uphill and rear wheels are position
downhill.

In the figures, the weights of each wheel normalized to thed tover weight are shown. All
of the normalized weights become equal to 0.25 when the reeeght is equally distributed on
each wheel.

As easily expected, more weight is assigned on the downigilit wheels than left wheels at
0° angle of attack. Weight distribution changes as the rovientation changes and as the rover
heads to uphill. AB0°, more weight is distributed to rear wheels compared to thetfivheels.
The gaps of wheel weights gets more significant when the flepemes steeper. The weight on
a downhill wheel becomes more than four times larger thainahan uphill wheel in the case of
30° slope.

The weight distribution of Scarab rover with the tested apnfation is also shown in Figure
A.3. The weight distribution of Scarab on slopes does natiaantly differ from that of Andy
2. This is because the similarities in the aspect ratio aadB height ratio of the two rovers.

A.2 Comparison of single-wheel and full-vehicle slip models

Here the slip predicted based on the single-wheel model us#us thesis is compared with
those from a full-vehicle model which takes into accountulegght distribution of a rover.

A.2.1 Single-wheel and full-vehicle models
In the single-wheel model, as mentioned in Chapter 2, a revezfresented by a single-wheel

with the weight ofl¥’/4 wherelV here denotes the total weight of the rover. The slip ratio and
slip angle at a steady state of the rover are iterativelyipted such that the following steady
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Figure A.3: Weight distribution of Andy 2 and Scarab on slopes with varied angles of attack. The
vertical axis represents the ratio of the weight on each wheel to the total rover weight.

state conditions on slope are satisfied:

F, = WYgin 0,

4
F, =Y sin6, (A.2)
F, = % cos b,

whereF,, F,, andF, are the drawbar pull, lateral force, and vertical force eesipely, acting
on the single-wheel which represents the rover motion.

On the other hand, in the full-vehicle model, the longitidiand lateral slip at the rover CG
are predicted so that the following force balances are met:

YF,; = Wsinb,
YF,; = Wsin0, (A.3)
F,; = W,;cosfy

where the subscriptrepresents the wheel ID & Fl, F'r, Rl, Rr), andWW; denotes the weight
distributed on the wheelwhich is provided in Eq. (A.1). In this model, instead of balag
the drawbar pullF,; and lateral forcel,; of each wheel with those of longitudinal and lateral
gravitational resistanced; sin ¢, andW; sin 6,., respectively, slip is predicted to make the sum
of each wheel—soil interaction forces equal to the totaVityaesistances at the rover CG. This
somewhat takes into consideration the effect of interldekbeels which is ignored in the single-
wheel modeling fashion. Note that this full-vehicle modemore realistic than the single-wheel
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model; however it is still a simplified, quasi-static regmetation that does not take into account
any dynamic effects of vehicle motions, and assumes anyfisgnt orientation change of the
rover is not induced over time.

A.2.2 Simulation results

The slip ratio and slip angle of Andy 2 and Scarab rovers weeélipted based on the single-
wheel and full-vehicle models in a similar way to Section.2.3The comparisons of these
predictions are shown in Figure A.4 for Andy 2 and in Figur® for Scarab. As seen in the
figures, the slip predicted from the single-wheel model isparable to those from the full-
vehicle model especially for shallower slopes. Gaps betwee two becomes larger on steeper
slopes, but still the qualitative trends are the same. Intiadd the predicted slip based on
the single-wheel model tends to be larger than those fronfulheehicle model, meaning the
single-wheel model predictions lie on the safe side.

The both models provide similar prediction results despitehe weight distribution on
slopes. This is because the more loaded downhill wheelsmimie and generate higher pull
force and lateral force that compensate the lower tractiengrated at the uphill wheels to over-
come the gravity resistance as a whole. Figure A.6 shows htasaiction forces and sinkage of
each wheel change along with the change in the angle of atfdwk forces and sinkage in the
single-wheel model are also plotted in the figure. The simgieel representation can be consid-
ered as a model with one single wheel of the average wheehtaigl approximately average
wheel-solil interaction forces. The predicted curves iruFeég A.4 and A.5 does not perfectly
match since the wheel-soil interaction forces are norafifienctions of the wheel weight.

A.3 Validity and limitation of the single-wheel model

As shown in the previous section, the single-wheel modeljranide slip predictions very sim-

ilar to those from the full-vehicle model for the slope-asicgcenario considered in this thesis.
As the full-vehicle model is more computationally expeesitian single-wheel model and as
a wide range of slopes and angles of attack are required torexphis research utilized the

single-wheel model for the analysis.

However, the single-wheel model is not always valid. 1t wesadoped for the simple linear
motion and for steady state analysis. The model is not agipkcto more complicated scenarios
such as rough terrain traverse and steering maneuver winage arientation can dramatically
change. For such cases, dynamics-based simulation isedduipredict vehicle behaviors.
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Figure A.4. Comparisons of slip of Andy2 predicted based on the single-wheel model and the
full-vehicle model. The solid and dashed curves represent the single-wheel and full-vehicle
models, respectively.
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slope case is shown. The wheels on the downhill side sink more and generate larger forces that

compensate for the lower forces on the uphill wheels. The sinkage and forces in the single-wheel
model are also plotted as references.
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Appendix B

Parametric Analysis of Wheel Grouser
Configuration for Slope-Ascent and
Traverse

Considerable research has been conducted, thus far, towshedy designs to improve vehicles’
traversing performance on granular materials, and it has vadely acknowledged that the
wheel surface profiles, i.e. grousers/lugs/creates/, aawmportant role to improve the tractive
capability of a wheel. Bauer et al., for example, reported tihe increase of the grouser count
makes improvement of traction [52]. Sutoh et al. also suidie influence of the number of
grousers and found that the improvement of the longitudiaakl performance by the increase
of the grouser count has a limitation when the spacing betvgeeusers becomes small [53].
Ding et al. studied the grouser performance on loose solil warious grouser configurations,
and reported that the height of grousers also largely infleerthe drawbar pull of wheels in
addition to grouser count [54]. However, most research onggrs has been limited to simple
longitudinal linear motions of wheel/rovers. Actual roegerations also involve lateral motions,
including steering maneuver and traverse of cross slogesirg sideslip as discussed in this
thesis. No extensive study in lateral performance of gnasuisas been reported to the best of the
author’s knowledge.

The influences of wheel grouser count and height on roveppegnce are assessed in this
chapter based on single-wheel sideslip experiments ahdoftdr slope-ascent/traverse experi-
ments. In the single-wheel experiments, the tractive perémce of grousered wheels is evalu-
ated on a single-wheel test rig with various grouser condiioms and with various longitudinal
and lateral slip conditions. The results of the full-rov@periments are introduced to support
the validity of the single-wheel sideslip experiments oreled soil for assessing rover mobility
on slopes. The full-rover experiments described in thigtdravere conducted by the author at
the Space Robotics Laboratory of Tohoku University in Aug@t? prior to joining CMU. The
results of the testing were not published.
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Figure B.1: Test wheel with sideslip configurations.

B.1 Single-wheel sideslip experiments

A set of single-wheel experiments were conducted by thecaaththe Field Robotics Center of
Carnegie Mellon University.

B.1.1 Experiment setup and procedures

The single-wheel test rig and the same sand material desldniSection 2.2.2 were used in this
experimentation.

A wheel with radius of 114 mm and width of 114 mm was utilizedr Bssessing the influ-
ence of grouser count, 0, 12, 24, or 36 grousers of 9.6 mm heigte set on the wheel. On the
other hand, 24 grousers with the height of 6.3 mm, 9.6 mm, &ndrhm were used to assess the
influence of grouser height. The mass of the wheel was fixe@ tagyXor each condition.

The orientation, or slip angle, of the wheel was changed fota 3Q° with an interval of 7.3
to make a forced sideslip motion as shown in Figure B.1. Fadn elyg angle condition, the wheel
slip ratio was set to 0, 0.2, 0.4, or 0.6. During the testsywtheel was controlled to rotate with
constant tangential velocity of 10 mm/s while the speed ettrriage was controlled depending
on the desired slip ratios and slip angles. Tests were coediwice for each test condition.

B.1.2 Experiment results
Relationship between wheel slip and forces

Figure B.2 shows the experimental characteristic of the bdaavpull and lateral force, respec-
tively, for varied slip ratios and slip angles. The markdrsvg the average values of drawbar pull
and lateral force, and the error bars corresponds to thestamelard deviations.
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Figure B.2: Relationship between the wheel slip and wheel-soil interaction forces.

The drawbar pullF, basically decreases when the slip anglecreases as shown in Figure
B.2 (a). The trends of the drawbar pull against varied sliprate consistent even if the wheel
experienced sideslip. On the other hand, the measuredllfbece /-, decreases when the slip
ratio s rises, and the force increases with the increase of thesjjfea as shown in Figure B.2

(b).

Influence of grouser count

Examples of the measured drawbar pull for different grogsents is shown in Figure B.3. As
seen in Figure B.3 (a), the drawbar pull increases along \withgtouser count at the slip ratio
of s = 0.2 regardless of the increase of the slip angle.sAt 0.6 in Figure B.3 (b), however,
no measurable drawbar pull improvement can be observedeoynthease of the grouser count.
That means the amount of the drawbar pull improvement dugetotrease of the grouser count
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reduces at high slip.

This is related to one of the effect of grousers in loose gbi& reduction of the forward
soil flow in front of a wheel. As mentioned in [55], grousersitridoute to reduce the forward
soil flow and the motion resistance, resulting in the inaeeafthe net traction, or drawbar pull.
However, the minimum required number of grousers to redueédarward soil flow decreases as
the slip becomes higher. This is since at higher slip, theelvhm surface makes less progress
from the time when one grouser enters into the soil until tee grouser interacts with the soil
surface. Therefore at higher slip, the reduction of the amotesistance in front of the wheel is
fully achieved with smaller grouser count, compared to loglg conditions [56]. That is why
the improvement of drawbar pull gets less significant at éigip.

Figure B.4 shows the lateral force for different grouser ¢suwhen compared to the wheel
without grousers, the lateral force is improved by mountingusers. The difference in lateral
force between the grouserless and grousered wheels beowonesignificant at higher slip ratio
and larger slip angles. One factor by which wheels with geegsiseduce the lateral slippage is
that a grouser can act as a "stopper” against the laterabmo¥When the rover begins to slide
in lateral direction while moving forward, the grousersthi¢ soil at an angle. As a result, the
grousers obtain resistance force in the lateral directioa similar fashion to the longitudinal
direction. Therefore, the wheels can obtain larger sidesfavith less slip angle.

However, the increase of the lateral force is only slighnei¢he grouser count is increased
from 12 to 24 or 36.

Influence of grouser height

The results of the sideslip tests for different grouser hisigire shown in Figure B.5 and Figure
B.6. Unlike the case of the grouser count, both drawbar pulllateral force are improved by
increasing the grouser height regardless of the level afliheatio as seen in these figures. One
major reason for this is that the taller grousers can intexéb deeper and stronger portion of
the soil, and they can obtain higher thrust force than shgreusers. Similarly, taller grousers
can obtain higher lateral force, or lateral grip, againgeslip by interacting with stronger part
of the soil.

Based on these observations, it can be said that mountieg ¢abusers can result in better
slope-ascent and slope-traverse performances than simegahe grouser count once a wheel has
a sufficient number of grousers.
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Figure B.4: Influence of grouser count on lateral force during sideslip.
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B.2 Slope-ascent and traverse experiments

The influences of the grouser configuration observed in tigdesiwheel experiments are further
discussed based on the experiment using a full rover. Sigpent and slope-traverse experi-
ments were conducted by the author at the Tohoku Univergc& Robotics Laboratory. The

outline and results of the experiment campaign are briefgdeed in this section.

B.2.1 Experiment setup and procedures

Figure B.7 shows the test rover, El-Dorado-Il, and the te#d fised in the experiments. The
rover has four independently driving wheels and each whaslarotary encoder. It is also
equipped with a steering motor on each wheel, but the ste@rmwere not activated and the
steer angles of the wheels were fixed during the experim8piscifications of the rover test bed
are listed in Table B.1.

In addition, grousers can be attached to and removed frorsuttiace of each wheel so that
the configuration of grousers can be changed. In the expetandifferent grouser configura-
tions were used to assess the influence of grouser count ayid.ifeégure B.8 shows the wheels
used for the grouser count evaluation. The grouser counvared from 0 to 12 and 24 while
the height of the grousers was fixed to 15 mm. For the evaluaticdhe grouser height, the
wheels shown in Figure B.9 were utilized. In this set of expernts, the grouser count was set
to 24, and the grouser height was set to 0 (without grousgrsy, 15 mm.

A sandbox of 2 m in length and 1 m in width was used. It can begdakp manually
for an inclination of up to approximately 20The box was filled with Toyoura Standard Sand
(dry sand). Toyoura sand is cohesionless and less comipieeizan natural sand which makes
experiments highly repeatable.

The rover was commanded to travel directory uphill in th@slascent experiments (Figure
B.7 (a)) or travel laterally on slopes in the slope-travegerperiments (Figure B.7 (b)). In the
slope-ascent testing, the slope angle/as varied from 0to 16°. On the other hand, the angle
was set to 15in the slope-traverse tests.

The angular velocity of each wheel was setite= 1.8 rpm. During the both experiments,
the motion of the test bed was captured by using a motion ceapaamera. Slip ratie and slip
angle 5 were then calculated using the motion data and the angulacities of each wheel
obtained from the rotary encoder inside the wheel. Befor@goting each experiment, the soll
was loosen and uniquely leveled. Experiments were condultee times at each condition.

Table B.1: Specifications of the rover testbed, El-Dorado-Il (nominal configuration)

Size [mm] L800 x W650 x H750
Mass [kg] 35
Wheel size [mm] »178 x W100
Tread [mm] 550
Wheel base [mm] 600

83



(a) Slope-ascent test (b) Slope-traverse test

Figure B.7: Test rover and test field.

(a) No grouser (b) 12 grousers (c) 24 grousers

Figure B.8: Wheels used to evaluate the effect of grouser count.

(a) No grouser (b) 5 mm grousers (c) 15 mm grousers

Figure B.9: Wheels used to evaluate the effect of grouser height.
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Figure B.10: Slope-ascent experiment results.

B.2.2 Slope-ascent experiment results

The results of the slope-ascent experiments are summariZéidure B.10. In the figure, the
measured rover slip is plotted against slope angle.

The influence of the grouser count on slope-ascent capalsiléhown in Figure B.10 (a).
When the rover does not have any grousers on the wheels, pHeestame close to 0.9, meaning
that the rover did not make almost no progress, on justape. When 12 grousers were installed,
the slip on the same slope was drastically reduced to arouhd Additional increase of the
grouser count from 12 to 24 resulted in more reduction of thean the same %4slope, and
showed lower slip ratio on steeper slopes. However, thectemuof the slip on slopes steeper
than 10 was not as significant as that on shallower slopes.

Figure B.10 (b) indicates the effect of the grouser heightlopesascent performance of the
rover. Similar to increasing grouser count, the slip ratiduced when taller grousers were used.
However, unlike the grouser count case, the increasingrthesgr height showed high reduction
of the slip even on 12slope. These results indicate the importance of the grdusight to

improve the tractive capability of a rover.

B.2.3 Slope-traverse experiment results

Figure B.11 shows the typical traveling trajectories meadiun the slope-traversing experiments.
As shown in Figure B.11 (a), the rover with more grouser coontd travel with less deviation
from desired straight path. The influence of the grouserhtieng the lateral traveling perfor-
mance as seen in Figure B.11 (b) also indicates the similaletenies to that of the grouser
count.

The average slip angle and slip ratio during the experimar@showed in Figure B.12 and
B.13, respectively, as the relationships with the grousentand height. As seen in the Figs
B.12 (a) and B.13 (a), the slip ratio and slip angle greatly ceduby mounting 12 grousers on
the wheel. However, the reductions of both the longitudarad lateral slip are less significant
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Figure B.11: Rover trajectories with different grouser configurations.

when the grouser count is increased from 12 to 24. On the ato&dt, when the grouser height

is increased, both the slip ratio and slip angle clearly ceduas shown in the Figs B.12 (b) and
B.13 (b).

These results show the same tendencies seen in the singld-edperimentation and there-

fore show the validity of the single-wheel experiments teess the slope-traverse performance
of rovers.

B.3 Assessment of grouser design for slope-ascent and tra-
verse

From the above discussions, the following conclusions eaméade:
1. Grousers can reduce both the longitudinal and lategal sli
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Figure B.13: Slip angle during slope-traversing for different grouser configurations.

2. Grouser count does not have significant influence oncecwuftinumber of grousers are
mounted.

3. Grouser height does have more influence on tractive pedice than grouser count.

Therefore, tall grousers with sufficient grouser count efg@rable to reduce both the longi-
tudinal and lateral slip, and to improve the slope-asaewitse capability of a rover. However,
the interaction between the grousers and the soil is quitepticated and the effects of grousers
have not been reasonably modeled in terramechanics evéonfptudinal linear motions. Fur-
ther study on the grouser—soil interaction is needed toldpwe comprehensive wheel design
guideline for improving rover mobility on unconsolidatezrain.
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