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Abstract

A mobile surface element is required in the frarhéhe ESA ExoMars mission for exploring Mars inartb
investigate the environment and to search for exddeof life [1]. The mobility aspect is importantterms of range
and duration and was investigated by Oerlikon SpaGeand its team during the phase Bl of the Exoljavgect.
An important outcome of this activity is the matiige and testing of a full scale rover breadboard.

The breadboard mass was scaled down to 93.5kgder@o take into account the martian gravity. 1ai§ wheel
drive, 6 wheel steered vehicle based on a threéetsgpension configuration. Despite the heavyqa/and high
location of the CoM, the vehicle is able to witlmstaa tilt of 40° in any direction without losing istability. The
passive suspension and flexible wheel design allinestraverse of obstacles with sizes of at lehet wheel
diameter (25 cm) on Mars representative soil.

The locomotion level test activity was conductedhenRover Chassis Evaluation Tool (RCET) ESAféedity
developed by Oerlikon and located in their premisHsis test facility consists of a 20 square meestbed
featuring Mars representative soil (i.e. soft safi). A novel measurement system was developeddar do
reconstruct the drawbar pull capability at diffeteslippage values. Obstacles as well as slopes asremmodated
during the test and the vehicle performance meabkufdiese values represent the key traverse-relatisgion
requirements. The success of individual traverseweall as the energy, speeds, and trajectory eroorshe overall
vehicle were recorded.

As a result of the testing program the team codsatdis their understanding of the locomotion behaaial the
effect of innovative development like flexible vidye#de grousers and the three bogies passiveesisgpn system.
The large amount of data coming from position ses)dorce torque sensors and accelerometers areadé for
predicting the performance of the future flight reband to improve the accuracy of simulations tools

The paper presents the results of the extensivingesctivity carried out with the ExoMars loconuti
subsystem breadboard, the lesson learned and prelincorrelation exercise of the simulation tools.

1. INTRODUCTION

In the frame of the ExoMars mission, a rover witbyide regional mobility (several kilometers) sédang for traces
of past and present life over its planned 6-mowthgperation. It will do this by collecting and dywing samples
from within surface rocks, and from underground ewd to a depth of 2 meters.

The elements that enable the rover to traverssulface of Mars which handle the traction, obstadverse and
slope climbing are called the ExoMars Locomotiobh$§stem (LSS).



2. METHODOLOGY AND CHALLENGES

The testing of a planetary exploration rover isessary in order to get the following key informatio
a) Assess the locomotion performance so that the atigigsystem can select a safe path.
b) Characterize the locomotion S/S in particular mmte of energy consumption and driving torque ineorib
support the design of the flight model.
c) Check the correct implementation of all componémtgarticular the control algorithm, the drive dfeaic,
the actuators and sensors.

The main challenge is to reproduce on Earth thelitions that will be found on Mars during the missi

The gravity can be adjusted by scaling the rovessma order to have equivalent wheel load. Howeitds, not
feasible to reduce the mass of all sub-elememntaiticular the actuators and the structure.

During field testing where human presence is necgssthe temperature and atmosphere cannot be Mars
representative.

The Mars soil physical parameters (Bekker [4]) samificantly vary from one place to another and eglatively
unknown making it difficult to produce of Mars regentative sand.

For these reasons, the methodology applied durirage B1 in order to meet the tests aims was to icenfleld
testing with simulation and analysis activities.

For overcoming the scaled mass issue at sub-systah the rover body center of mass (CoM) was stdlito be
flight representative.

The temperature and atmosphere mainly affect theator performances. Therefore the forces and &mrouere
recorded instead of the power in order to extrapdfee effective energy consumption during the ioiss
Research was undertaken during the RCET projemhsare the correct preparing of Martian soil stamti[2]. This
work was used although additional investigatioressdill on-going.

3. BREADBOARD

A suspension concept based on the previous RCLriEage was proposed by Astrium UK. The so called6gies”
is based on three simple bogies located at eaehafithe rover and on the rear (i.e. a transveosgel). The three
point attachment is a kinematically defined systbat passively keeps all six wheels in contact wlhik ground,
even on an uneven terrain [3].

Specification
Mass 1 93.5 kg*
Track width 21200 £ 5 mm

Distance between wheels : 700 £ 2 mm

Wheel :0250 x 100 mm
Nominal wheel load :153+5N
Grouser height (12x) 24 mm

Figure 1. ExoMars breadboard (VH&S, OSZ)

*The overall rover mass was scaled down in orddnytoepresentative to the Mars gravity. The eqertimass will
be a 246 kg heavy flight model.



4. STATIC STABILITY

The stability in all directions was determined affiedent slopes up to 40°. The wheel loads wer@med in order
to determine the margin before a wheel loses contifit the ground.

Static stability testing requires a very high fiact coefficient between wheels and ground to prettes rover from

sliding. Even though a very sticky material wasestdd to cover the tilt platform, the rover startedlide at angles
just beyond 20° due to the metallic tire. Therefitre wheel was wrapped with a special material E$ge3) which

resulted in a sufficiently high friction coefficierhis could be done without the reduction of gigance of the test
results because static stability testing aimsratifig the stability angle which is not influencegthe wheel-ground
contact conditions.

The deformation of flexible wheels as shown on Bigs a function of the wheel load and thereforftuénces the
static stability. The kinematics model computesduction of the stability due to the utilizationtbfs flexible wheel
to be in the 1° range.
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Figure 4. Rear wheel deflection

Figure 3. Static stability test on a 40° slope

In order to determine the worst case orientatiogleayaw angle), the rover performed a turn on spaheuver
while the platform was set to a 15° inclination.eTtormal forces were monitored as shown on Fig.he worst
case angle is defined to be the angle where thelMded value reaches the minimum value

250

.MJ\M A pen
W\x " At
200 Avn N
kv 7Y ay) WA RIIA Vx\
o il il JV

2y \/\ LV i

\
i
'r — Mot. 1 Force Z [N]
A A/~ |~ Mot. 2Force Z [N]
Mot. 3 Force Z [N]
{ “ Mot. 4 Force Z [N]
W — Mot. 5 Force Z [N]

3 —— Mot. 6 Force Z [N]
A
! VWV N V LRV }!‘hN 0

=
@
3

Normal force [N]

Tz
B

Figure 5. Plot of the yaw angle vs. the normal ésrmeasured on the different driving hubs of thverro



Based on these measurements the static stabdittytes performed in the two worst case orientat{dd$ and 320°)
on the required 40° slope. The rover is stableabubrmal force of only 12N remained on a wheel shguwhat the
breadboard is near to the point of instability.

Note: based on this margin, the kinematics modelprdes a static stability of slightly over 41°.

5. DRAWBARPULL VSSLIP

Drawbar pull (DP) is the difference between soilttH and motion resistand® and is the additional force which
is available until the maximum traction is reach&tawbar Pull is a function of slip and provide wable
information about the trafficability.

Figure 7. Drawbar pull test set-up
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The installation that allows reconstructing thevarar pull versus slip
characteristic on a Martian soil stimulant (MSSi®}shown on Fig 7.
This consists of a motorized tether that controésrover speed from 0
up to the maximal operational speed of 40 m/h whitgl recording the
pulling force.

By controlling the wheel angular velocity and tlever translational
speed it is possible to assign a specific slippagae. The resulting
pulling force represents the margin the rover hakis slippage value.
This margin can be use for overcoming the resigtalue to gravity or
pushing against an obstacle in order to get sefiicitraction to
overcome it.

The results reported in the Fig. 8 show a smalitian of the DP, in
particular between 30% and 70% slip. However, thkage reported
in Fig. 9 and the rover velocity are affected by ffippage. Having a
DP between 250N and 320N means, for this rover andthis
particular soil, a maximal slope gradeability o’ 16 18°. The other
interesting information is that moving with a slgge beyond 30%
does not provide significantly more traction andstlonly reduces the
rover motion efficiency.

It should be noted that only at 100% slip we haveasured a
significant increase in the DP of up to 700N.

Plot of the average drawbar pull force
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Figure 8. Rover drawbar pull force versus slip



Slippage 50% 30% 10%
Rover Vel. cms] } 2.16 154 1.2

Sinkage [cm] ] 28 20 16

Figure 9. Sinkage as a function of the slip

The ExoMars rover as well as most of the planatavers is controlled in speed and therefore thppalje is a result
of the wheel-ground interaction and cannot be odiett. However, by measuring the slippage it issiige to make

an estimation of how safe the current path is #ithavailable margin.

Concerning obstacle climbing, the rover can pustireg an obstacle with a force of approximately’$0Assuming

a friction coefficient of 0.5, this implies a whesdn move up 150 N. This is close to the nominateltioad and
means that the rover can overcome simple obstadt®sever climbing with two wheels simultaneousikélover a

step shaped obstacle) seems not possible.

Such behavior was confirmed by the simulation hdtribt correspond to the reality. The fact is ttegt grousers
interact with the texture of the terrain and whaglpage is avoided when moving over the obstatleen taking

into account this effect, the rover can move ovstep shaped obstacle.

6. UNEVEN TERRAIN

From drawbar pull test it is possible to extrapsltte slope gradeability and some obstacle climpargpormances.
However this is an indirect measurement that néatie® confirmed by motion on uneven terrain. Théhoeology
is not to create a Mars representative terraindbagea probabilistic approach. Instead, as mentiagmesection 8§82,
the aim is to characterize the rover over wellmditerrains and obstacles.

6.1. Slope gradeability

A test was performed on a 15° slope with and withowlti-pass (wheel moving in the same rut) and glie
measured. The test was successful even when gipating the rover on the slope.

It should be noted that when moving on lose shé, inulti-pass effect reduces the slippage and hbfpsover to
climb slopes.

This test shown in Fig. 10 highlights the challen§@reparing the soil homogenously and measuringrately the
translational speed. This is due to significaniata&on of the wheel slippage (between 30% and 60%) directly
affects the rover velocity.

Based on the DP versus slip characteristic it wag&ed that the slippage variation on a slopeblkignificant. In
general, this test confirms the estimation comiognf the DP test. The main difference is due towheel load
repartition on a slope. The additional load onrber wheel combined with speed control resultsniequal torque
distribution between the different wheels as showrkig. 11.



Plot of the measured hub torque of the right wheels
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Figure 10. Motion on a 15 slope Figure 11. Wheel torques on a 15 slope (right side)

6.2. Obstacles

The motion over a 250mm obstacle was successfaltippned in both directions (i.e. forward and baakdy. The
obstacle height corresponds to the wheel diambteérthe sinkage and wheel flexibility lower the eoso that the
obstacle is in reality above the upper part ofvtheel as shown in Fig. 12.

Figure 12.-250mWstep sha_pe obstacle

Due to the speed control mode, the wheel rotatedacity is constant during the overall motion indegdent of the
terrain as shown on Fig. 13. Because the distaet@elen the wheels is the same, the wheels woulthallyr
descend down the obstacle after the same timevaitérhis is not the case as shown in Fig. 13 #odtiates that
the rover vehicle speed is not constant due to raatian of the slippage value. Video analysis conf this
assumption and in particular the front and backeMive more difficulties to overcome the obstablen the
middle wheel. However, it never appeared that theels were ever blocked.



L i ; i i The events indicated in the graph are as followings
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1. First wheel starting to climb the obstacle

First wheel moving down the obstacle

2
3. Middle wheel moving down the obstacle
4

Rear wheel moving down the obstacle
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Figure 13. Encoder raw data versus time

7. PATH FOLLOWING

The control algorithm provides the actuators witimmands to follow a predefined path. For testirggabcuracy of
this algorithm, a certain number of via points weeéined as shown on Fig.14.

An open loop test was performed without a navigasgstem.
The breadboard relies exclusively on 2D wheel odgmand
wheel steering angle. Because the aim was to valittee LSS
control which is only a part of the overall navigat system and
works only in 2D, the test was conducted on a pereveled
surface without any obstacles.

The test was completed successfully. The rover aze to
follow the waypoint list and reached the end of pla¢h. To our
surprise, the rover moved further than each waypaid the
final cumulated error is as follows:

Figure 14. path following on leveled surface A, =5cm Ay = 25cm

This error is over a 2 meter long trajectory. Th®reis explained by the fact that the algorithnmiplemented such
that the rover travels the distance needed to rélaehnext waypoint, but stops only when the comwesing

computed odometry distance is reached. This mdansdcumulated error makes the rover move furthean the
ground truth. It also means that the slippage takén into account by the algorithm) which shoutdirter this
effect, is negligible on a leveled surface. In wreverrain the situation will be different and natetion with the
navigation system will be essential in order tarectr any deviation from the correct path.

8. LESSON LEARNED

A number of lessons were learnt during the testgpeégn of the LSS breadboard. The most relevantramtioned

here.

A dedicated testing facility that allows for theeparation of terrains in a reproducible way is ssaey for the
production of valid and useful data. The charazédion of the soil is a critical task in order tmguce inputs for the
simulation team.

Reproducing all Mars environmental conditions omntlEds too challenging. Therefore specific sensorsst be

accommodated on the rover that undergoes fielthtgesd correctly characterize the system. In paléc force /

torque sensors are used to produce the neces$amnation for the design team. This data in paléicallow the

actuators’ performance on Mars to be estimatedhiyyais and simulation.



Test data are necessary for updating and validaiimglation tools. The data and test conditionsdedefor this
validation may differ from a standard locomotiosttdnteraction between test engineer and the atioul team,
therefore, are critical for an efficient and protivg rover testing activity. In particular for sughlidation testing it
is more important to have accurate data and adeéihed test case than having Mars representatinditions.
Flexible wheel is a technology which has not besgdun previous robotic missions. The LSS teandareloping
flexible metallic wheel in order to improve the ¢oootion performance and reduce the shock levebindted to
shock-sensitive items. In certain hard motion cbods, the stress within the flexible element oeenes the value
computed by the analysis team and lead to a pemhamegerial deformation. Understanding this effeat possible
trough extensive picture and video analysis antipeitmit updating the FEM and structural analysisdeveloping
a suitable wheel for the ExoMars mission.

When descending an obstacle, a hole is createtiebfirst wheel so that the effective drop is mudhér for the
following wheels. This important reduction of theognd clearance leads to contact between the ssispeaind the
lander platform during a step down of 250 mm. lthisrefore necessary to increase the ground cleamnmodify
the lander egress maneuver.

The holding torque of the drive unit based on asbless motor and a harmonic drive is below 5 Nm tod
insufficient for maintain the rover in position im-powered state. An iteration of the drive condsptherefore
necessary to ensure that motor power is not redjuitgen the rover is not in motion and thus minimize power
consumption during the mission.

9. CONCLUSION

The ExoMars breadboard demonstrated excellent lotom capability on a Mars representative soil aver
critical obstacles. The simple suspension conceptry efficient in uneven terrain and it is cléaat the flexible
wheel and grousers have a positive effect on mategrability. The test campaign demonstrates tratdher is
stable in all directions on a 40° slope and theauibs capability is over the specified 25 cm. Thwtie required to
move on the terrain is below 17 Nm even during arotiver obstacles and the peak torque never exd&Sdsim.
The test facility developed within the ESA RCET Eitivity was upgraded and extensively used. Thardrement
significantly reduces the manpower and the timeiired to perform the test. However, post-processng time
consuming task and the correlation exercise wittukition tool is still on going. Therefore the diy@ment of a
tool capable of performing this task (more) autaoadiy will be necessary for future test campaigns.

In conclusion, the combination of analysis, testamgl the additional sensors mounted on the breadlgsmerate
valuable data that support the engineering phastheoflight model. The lesson learned and expeeegained
during the testing phase show the importance aidiveard testing during the early phases of theeptoBased on
this experience, significant improvement can novekgected in the rover chassis in particular ferabtuators and
wheel design.
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