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ABSTRACT

A set of tools was developed in the frame of ESW#vitgc[18191/04/NL] labelled RCET (Mars Rover Chi&s
Evaluation Tools) to support design, selection aptimisation of space exploration rovers. This atfiwas carried
out jointly by Contraves Space as prime contracE6fHZ, DLR, SSC and EADS Space Transportation. [édyier

describes the utilisation of the RCET in the contéxa rover mission on Mars. The evaluation of N&SA MER and
RCL-E rover chassis was done and the results assegnted. This study includes wheel design optiiisain a

particular soil, simulation of rover suspensionsdarover comparison based on normalisation rulesthWthe

experience gained in this study, a strategy fordjmtng locomotion performances was developed #ilmws an

optimisation of both chassis configuration and motcontrol. The facilities and methodology usethim frame of this
activity for validating the tools is also brieflygsented.

INTRODUCTION

For future unmanned landing missions to solar sysibjects outside the Earth within the ESA programpianetary
rovers of different capabilities need to be studiefined and ultimately developed for flight. Rovéave to achieve
motion in rough and unknown terrain and have tahde partially autonomously. To do so, they need tmportant

competencies which are all-terrain locomotion ami@mous navigation.

The RCET tools enable a user to design and deaiogfficient and optimal configuration for a plaamgtexploration
rover as far as the mobility aspect is concerned feariety of terrains. The design can be evatlatenvheel level and
at rover chassis level. The results can be analgmedsuitably modified to ensure correct and tinmddyelopment of
the flight model. The RCET consists of:

* A tractive prediction module (TPM) that handles thikeel ground interaction. The TPM can be used in a
standalone mode for wheel evaluation and optinisatPreliminary estimation of the rover chassisiamt
performance on a particular soil can also be aeliend is described in [2].

e 2D quasi static simulation (2DS) application detiidato support the selection of a rover chassis&wnat
early design phase. The locomotion structure optition can be achieved in an iterative processoptimal
motion control algorithm was also implemented andascribed in [5, 7, 8].

« Both tools are integrated in a database drivenrenrient that allows post-processing the simuladiata and
simplified the reporting work as described in [4].

» Based on a CAD model, a full 3D multi-body simubati(3DS) can be performed in a representative slarti
terrain. The 3D simulator includes the TPM.

 Two different testbeds were developed and built dbaracterisation of wheels and rover chassis from
breadboard level up to FM. They were used in th&R@ctivity to experimentally validate aspects lof t
theoretical models. The first one is dedicated irgle-wheel characterisation and the second onghe
rover chassis system-level locomotion performamnaduation [4].
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METHODOLOGY

Before evaluating a rover chassis, the locomoticatrics needs to be defined. The rover objective dlanetary
exploration is to bring the scientific instruments a specific site in order to examine geology, eréfogy or
exobiology on other planets [9]. The rover chaksismotion performance can be defined by the exgokstraight line
path distance the rover can follow over a giveraiarbefore a heading change is required. Thikesdefinition of the
mean free path (MFP) and can be used as a keycrfmtithe locomotion evaluation activity.

The MFP is a probabilistic metric that depends othlthe probability of encountering an obstacle #edrover chassis
capability to overcome this obstacle. The MFP meatan be generated using exponential laws for ihefithe rock size
and frequency distributions of the landing sitekei the following rover locomotion performance a&dirted in [1]
needs to be established:

« Trafficability : static stability, slope gradealbi
« Terrainability : obstacle climbing ability, groutearance

The RCET philosophy is to provide dedicated tootscomputing the different locomotion parameteiise Totion of a
wheeled rover is achieved when a sufficient for@e loe applied at the wheel ground interface. ThE' R€mputation
tools consider the following parameters:

1. Wheel design parameters: diameter, width, groudesigyn, deformation (for flexible wheel only)

2. Solil properties: Bekker soil parameters are usdtefriction coefficient for a rock-like obstacle

3. Wheel load: the normal force is computed basederCpM location and the rover passive suspension
4. Wheel slip or torque: these values depend on thémoontrol strategy

For supporting the design of an ExoMars rover, R@ET methodology is to develop the wheel and thesipa
suspension quasi independently trough an optinoiagirocess. First, the best suitable wheel desiganpeters can be
defined for a certain wheel load and soil with ttnactive prediction module (TPM). During this praihary
optimization phase, the best suitable rover chassikept and the optimal internal parameters capairallel be
achieved with the 2D quasi-static simulator. Beeatl®e wheel load repartition is a function of tlwwar passive
suspension, the second step is either to post-gsdbe simulation data with the TPM or to use tBesBnulation tool.
Once the key dimensions are defined, the CAD moaelbe designed and used for having a completarBdiation of
the rover chassis on a representative environment.

It has to be noticed that for a wheeled rover fhature a passive suspension, the only parameiec#m be actively
modified during the mission is the wheel torquendiig the best suitable set of torques that mirgchiglippage and
increased motion performance is out of scope ofcilmreent study. However, a first step was achiegtedng this
activity and the preliminary results are presented.

MEAN FREE PATH
Golombek [12] derived quantitative rock distributtso which accurately describe rock populations at Mhartian

surface and that have been validated with grouath tobtained at the Viking, Pathfinder and MER lagdsites.
Accordingly, cumulative fractional aréga covered by rocks of diametBror larger is given by

F.(D)=kexd-q(k)D] ()

k is the total rock abundance agtk) governs drop. Similarly, the cumulative numberadks per rfi of surface for
rocks of diameteb or larger can be described by

N(D) = Lexd-sD| (
whereL is the number of rocks of all sizes peranthe site.

The equation for the lengthof the MFP as a function of the diameter of th@imum-sized non-traversable roBlg
and of width of the mobile devideis [13]:
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with N; as the number of rocks pef minned in a diameter range betwd2rand D+8D. Rock cumulative number
functions as per Eg. (3) can be converted into tians N; as needed for the MFP. Based on these equatipiss, i
possible to compute the MFP in function of the minim sized obstacle rock.

This metrics is based on the rover vehicle widtth #re minimum-sized non-negotiable rock. The nenérsable slope
and slope distribution are neglected by the progpgd$EP approach. Based on these consideration®REEEl propose
not using directly the MFP metric but focus on thaximal size of the rock the rover chassis is ablevercome and
the slope gradeability.

SLOPE GRADEABILITY

If drawbar pull (DP) delivered were expended foit slope climbing as per Eq. (4) beloM (g being vehicle weight),

then limit soil slope anglécan be obtained, assuming the vehicle operatearaiational speeds in the validated range
of a tractive prediction model (TPM) [2].

DR/ehicIe = Mg Sin(é) (4)

The assumption of having an equal wheel load régjpartoetween each wheel independently of the skopge, allow
splitting the wheel comparison and wheel optim@aatprocess from the rover chassis concept evatuafioerefore the
first study is based on computing the drawbar ypettsus slip on different soils with a constant whead. This load is
considered to be the rover weight divided by thenlber of wheels.

This task is achieved by the TPM used in a stamgainode interfacing with the RCET I/F that allowsracting inputs
data from the RCET database and visualizing thaltsesFor assuring consistency of the data anddaatig the
simulation, the evaluation process was done baseth® average values of the soil properties ofntia¢erial in the
RCET Single Wheel Testbed (SWT) soil bin given abT1.

Tab.1: Bekker parameters of soil in SWT soil bin

Soil Bulk density | Soil Cohe- | Friction K¢ Ko Deformation
[kg/m?] sion [Pa] angle [ [N/m™Y] [N/m"™*?] coeff. n [-]
DLR soil simulant C 1140 41 25.6 1342 265114 0.86

The drawbar pull in function of the wheel slippageomputed in a couple of seconds for a givenigardtion (i.e. the
multi-pass effect is taken into account). The nssate presented in Tab. 2 for rigid wheels ofedéht widths and
diameters:

Tab. 2: Parametric analysis for the rigid wheeldiR soil C under Martian gravity

Wheel specification

Diameter [m] 0.25 0.30 0.35 0.25 0.25
Width [m] 0.16 0.16 0.16 0.20 0.25
Number of grousers 31 31 31 31 31
Grouser height [mm] 6 6 6 6 6
Load [N] 112 112 112 112 112
Simulation results

Max. Draw bar pull [N] 152.2 155.6 161.0 163.4 175.5

(at this slippage value) (10%) (20%) (40%) (20%) (30%)
Slope gradeability [°] 26.9 27.6 28.6 29.1 315
Sinkage [mm] 28.1t040.1 26.1t038/1 24.7to 36.84.1t035.9] 20.5t032.8
Torque [Nm] 10.1t0 16.2 115t018)9 129t021.710.1t017.3] 10.1to0 18.7
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Fig. 1: Predicted drawbar pull vs slip curve fog iIER wheel (1st column in Table 2) on DLR soil C entflartian gravity

This example demonstrates the capability of thdstéar conducting a sensitivity study relative tdfetent wheel
parameters like the wheel diameter and width. dfggthedicted slope gradeability is a required infation and input for
computing the MFP, the maximum drawbar pull at dipalar slippage value can also be used for ttauation study.
This allows having an estimation of the motion dality on a certain soil as a function of the wheép and, if
required, to derive the slope gradeability. It vious form Fig.1 that the maximum drawbar pulba@hieved for the
MER rover on DLR soil C for a 10% slip value. Howeyon a slope we can expect having a non equativwbad
repartition as well as a different vehicle transladl speed compared to what is valid for motioradavel surface, and
therefore the best traction for each wheel is agtat a different slippage value.

Standard motor drivers are not able to controldlifgage that is a result of the applied wheeluerghe interaction
with the ground and the overall rover speed. Giit&ituations can appear for large slip valuesesitiese lead to
increased slip-sinkage and reduced drawbar pullKigf. 1). Thus, it could be advantageous to dgwvelomotion
controller that use an embedded TPM for definirgwineel torque in function of the DP vs slip curve.

STATIC STABILITY

Often, a geometrical calculation method based erdbation of the CoM and the footprint is used domputing the
static stability. In reality, a mobile rover ha® tbapacity to adapt to the terrain profile. Thigéhieved on the MER
and RCL-E (see Fig. 3) rover chassis with a passipension mechanism. These architectures haugplawegrees
of freedom, which influence the static stability.

The static stability (uphill and downhill) is autatically computed by the RCET 2D simulator (2DS¥dxh on the
rover chassis kinematic equations. The 2DS loaglsdher model generated with a graphical userfeaterthat creates
the mechanical model based on static equations.sirhelation engine solves the balance of forcestangues and
defines that the rover is stable as long as alinabforces on the wheel — ground contact pointsgegater than zero.
This means that internal forces are included imtioelel and that effects caused by them are notégho
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Fig. 2: Normal force evolution on slopes in [°] endEarth gravity, left—-RCL-E* and right MER

* For passive suspension comparison purpose theR€hncept was scaled to fit the MER envelope.
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Tab. 3: Static stability as computed with the RCETS2D

Static stability (geometric) Static stability (simulation)
Uphill [°] Downhill [°] Uphill [°] Downbhill [°]
MER 55.68 -53.11 53.00 -45.00
RCL-E * 54.41 -54.41 54.00 -36.00
RCL-E 42.30 -42.30 42.00 -25.00

The static stability is a parameter used in oradeedtablish the compliance to a requirement butoisdirectly a

locomotion metric. The RCL-E vehicle with a CoM &bed as described in Fig.vd@ll have an unacceptable loss of

stability on a 25° slope when moving downhill. Téfere an iteration process is required in ordemtwify the CoM
location or if this cannot be achieved, the keyerashassis dimensions needs to be modified.
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Fig. 3: RCL-E dimension considered for the evaluatiualy

In Fig.2 we can see the evolution of the wheel lmafinction of the slope angle. The influencelwd passive structure
to the wheel load repatrtition is clearly visibla.drder to take into account this phenomenon the cdamputed by the
2D simulator was post-processed with the TPM.

Tab. 4: Slope gradeability based on the wheel tegdrtition for the MER and the RCL-E*, DLR soil C, undiéartian gravity

Nb of wheel | Loadyer | Loadgci« | DPyer | DPrei+ | Slopauer | Slopercis | Slopésgs
[N] [N] [N] [N] [ [°] [
Front 41 46 38.7 40.1 - - -
Middle 104 39 54.5 375 - - -
Back 154 214 61.8 65.9 - - -
Total (2x3w) 598 598 310 287 27.5 25.2 25.0

It has to be noticed that due to a non equal legantition, the DP was computed at 100% slip fatheaheel and
without taken into account the multi-pass effedtisTeffect can be in favour of the MER due to higlead on the
middle wheel. The slope gradeability based on theekload computed by the 2D simulator is closéheoprevious
value for the MER but is reduced by 7% for the RELThis is mainly due to the important load thapegrs on the
back wheel during the slope climbing as highlighte#ig. 2.

In standard situation, an accurate slope gradéabdiue that includes the multi-pass effect carcomputed with the
TPM and using Eq. (5) that takes into account #wction of the normal force acting on the wheehdanction of
slope angle:

Mg coso
Nwheel = gT (5)

The second iteration of the DP computation basethenTPM but with a new wheel load of 100N instedd 12N
gives 25°. It has to be noticed that actual MERpslgradeability on this soil is not available fraest data and
therefore this particular analysis procedure sgékds to be validated against H/W measurements.
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OBSTACLE CLIMBING ABILITY

The evaluation of the MER and the RCL-E rover clsasss performed using the 2D quasi static simulatm the 3D
simulator. Because both rovers have different nfassgprint and wheel design, we expect from theitrégg that a fair
trade-off will not be possible. Therefore, normatisn rules were developed and used. The RCL-E*madified to fit
the MER envelope and total mass. Both the MER abt-B* passive suspensions feature the same wheel.

The key metric for the trafficability analysis lsetdraw bar pull vs slip. For the obstacle climbadgity over rocks, the
friction coefficient metric is used [8]. This coiefent defined the maximum force a wheel can applya hard material
as a function of the normal force. Because the abfance is known but a priori not the ground clutesstics, the best

rover chassis for motion in rough terrain is the ¢mat required the lowest friction coefficientdeercome an obstacle.

Fig. 4 reports the friction coefficient required the three investigated rovers for overcoming &m@6high step.

Friction coefficient (max)

200 (
Simulation steps

Fig.4: Required friction coefficient for the MER, RCLaad RCLE* rover on a 260 mm step up

Fig.4 shows that the original version of the RChd&s the worst performance by far. The critical mtppears when
the back wheel climbs the step. This stems fromfdlee that it is shorter than the other models. Téruced length
leads to a higher pitch angle on the same obstalcieh has increased weight on the back wheel asnaeguence.
Therefore for rover chassis comparison purposeés, itore relevant to compare normalised structuresur current

case, the MER and the RCL-E*.

Tab. 5: Predicted obstacle climbing capability llase the friction coefficient for the MER and RCL-Evers

26 cm high step obstacle 15 cm hemispherical obstacle
Chassis Wheel Mass Required friction Situation Required friction Situation
[ kgl coefficient (see Fig. 4) coefficient (see Fig. 4)
MER MER 180 0.7 1 0.37 1,2,3
RCL-E 20.35 240 1.3 3 0.33 3
RCL-E* MER 180 0.9 3 0.47 1

The friction coefficient value for a rock is estired to be between 0.3 and 0.5. Therefore no ortheofested rover
chassis can overcome a 26¢cm obstacle with a 9G% edd=arth. A run over a 0.15m diameter semi-sphkdbstacle
was also performed. As a result of such exercis®,an iterative process and as a function of anddfifriction
coefficient, the minimum-sized non-negotiable raan thus be defined and the MFP computed with Bg.These
examples demonstrate that it is possible to trdflara optimised a rover chassis climbing abilitieishout requiring
any knowledge of the soil parameters. Moreover fdloe that the rover is not stopped during the &tion run allows
analysing the full chassis behaviour over an olestée. unrealistic friction coefficient is allowe For example the
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RCL-E rover chassis has a weakness when the bae&lwhs to overcome an obstacle (Fig 4, positicen8)the MER
is more penalised by its front wheel (Fig 4, positi).

In order to take directly into account the soil graeters and
3D effects, the use of MBS (Multibody System) siatidn
environment is required. The SIMPACK 3D simulatimols
allows the investigation of rover configurationsden Martian
conditions, considering gravity and soil conditioos Mars
and the integration of the wheel-soil interaction the
dynamical multibody simulation. The integration aohe
validated TPM was achieved and is coupled with tised
rheological soil model for contact force descriptio

As an important step for integration into the cqotoal design
phase the possibility of implementing even largd detailed

Fig.5: Animated SIMPACK 3D MBS model with visualisation it is possible to export the MBS aation in
integfated CAD data of the RCL-E rover. VRML format so that a 3D impression of a rover meunring

on Mars can be gained (see Fig.5). Investigatioitls mevers
fully equipped with science instruments can thupédormed and issues like packaging and dynanfétioas can be
taken into account. Furthermore the modular conoggkes it possible to integrate in particular coinélements into
the simulation environment like the slip basedttoaccontrol. The only current limitation is thaep simulation for
obstacles is not possible so far because obstartlsshave a continuous shape in first and secasher.or

S/W VALIDATION

Test and measurement of wheels and rovers are eamaplary to the simulation, for calibrating the laggtions and
for validation purposes. Two different testbeds dedicated to single-wheel characterisation anthan one for rover
system-level locomotion performance evaluation,emgsed as shown on Figs. 6 and 7. Both testbetigdesoil bins
filled with appropriate Martian soil simulant. Theain testbed purpose is to measure vehicle trachbility (i.e.
drawbar pull) on homogeneous surfaces and undéradied conditions.

This way, the RCET tractive prediction module (TPMjs subjected to validation of its single wheel amultiple pass
wheel-soil predictive capabilities. As a resultyesal distinct modifications into previous terrarhanical wheel-soil
models were introduced [2], relating primarily todelling of slip-sinkage behaviour.

Fig.6: RCET Single-wheel testbed at DLR Fig.7: RCETesyslevel testbed at DLR

CONCLUSION

The RCET study confirmed that an optimal rover Whissign can be achieved based on the expectegreqérties
and a certain wheel load range. The key metribésdrawbar pull as a function of the wheel slippaldes evaluation
process and optimisation is performed with the suppf the RCET Tractive Prediction Module (TPM)athwas
validated against wheel measurements performed théhsingle wheel testbed. This tool allows alsedjoting the

CAD models in the MBS environment is given. For
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slope gradeability and the maximal required torduee limitation in a standalone mode is that madifion of the load
due to the passive suspension is not taken intousatc

The suspension modifies the wheel load repartitisra function of the terrain profile. For having thossibility to
trade-off structures at an early design stage andlfowing a parametric analysis, a 2D simulatod &isual I/F were
developed in RCET as well. Different rovers candasily designed and the normal forces computed ifbereht
terrain. Two different controllers are implementedmputation of the minimal torque required foranstant speed
motion or computation of a specific torque per wheerder to minimise the required friction coefént. Except for
the diameter, the wheel design does not affectifgigntly the climbing performances and a pararsestudy can be
done to find out the optimal internal chassis disiem. This process is conducted in parallel towheel optimisation
process.

For completing the study based on a 2D quasi-staticilation, the simulation data can be sent toTiB# for taking

into account the nature of the soil. This two sstydy, allows first to optimise and evaluate susjmanmechanism
without taking into account the soil parametersntdetailed information can be provided by data-poscessing. The
multi body 3D simulation engine that includes tladidated TPM needs also to be used for having lestiessimulation

of the rover chassis on a Martian environment. $logpe gradeability, the drawbar pull versus sl maximum
torque, the wheel sinkage and the power requirecsmbe computed.

Studying rover chassis on a particular terrain ldits the dependence between rover locomotionop@dnces and
the motion controller. The wheel slippage affebes drawbar pull and the wheel translational sp&bd.slippage value
cannot be controlled with standard drivers that eifeer a constant torque or constant speed modatufe work of

this study can be the utilisation of the simulatimols (TPM and kinematic equation based algorittanyl the

experience gained in this study in order to implet@ optimal motion control [3, 5, 6].

The conclusion is that there is less differencaeiis of performances between two different roveaissis than
between the same architecture with different irdedimension. This highlights the importance ofngssimulation
tools for supporting the design of a rover chaasis of wheels for a particular mission.
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