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@ Introduction

Going fast
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Why going FAST ?

@ What ?
® FAST deployment
® Rapid analysis of broad areas
® Unstructured environment

@ Why ?
e Natural catastrophes ® Agriculture
® De-mining e Security

@ FAST de-mining
e [ast and safe

® More efficient than
manual team de-mining

® [ess destroying than
mechanical de-mining

e A good compromise
could be a float of
inexpensive small
collaborating robots

Krohn KMMC
www.mechanical-demining.com

Haiti earthquake
January 2010

Team of de-miners
in Afghanistan
(Reuters / L'Express)
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The ANR FAST project

@ Who ?
4 ) ®* ANR Project of the French National Research Agency
e 2008-2011

e 3 academic partners / 1 enterprise * ;',«\3 O .
TIMS / LAAS / ISIR / Robosoft L A4

@ Introduction

FAST project I
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» Our purpose Supercapacitor
® Designing and controlling a new FAST rover capable 4F

to move at 10m/s on rough terrain

® 3 prototypes : 400kg, 150kg, 10kg
® Double purpose
- High speed turning with lateral slipping
Y, - QObstacle crossing in straight line
Eoro | Doktallah ® New mechatronics architectures
auroux a allal ouzgarrou . )
TIMS | LaMI, IFMA, France * Innovative suspensions 3
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Types of grounds and obstacles

e

@ Grounds

&

J

Fauroux /| Dakhlallah /Bouzgarrou
TIMS | LaMl, IFMA, France
HUDEM '10, Sousse, Tunisia

@ Ground description

e Mathematical surface (e.g. B-spline surface)
e Continuity: C°(no hole), Ci(tangency), C?(curvature)...
o

Modelling depends on the size of the vehicle (wheel radius r = 0,25m)
Ex: a structured ground for a man can be unstructured for an insect

._,l:{t:;.;.‘..,dr Ml erach ot

F.s v t".q-u!u"" Li

Structured ground for FAST robot Unstructured ground to be addressed by FAST

@ Addressed obstacles

® Obstacle = local perturbation in the general shape of the ground

Obstacles that cannot be crossed — named Wallls (a) and Holes (d)
e This work focuses on bumps (c) and steps (b)
e Steps (b) are worst case of C! bumps (c). Generally h<r

Positive obstacles

B ey

(b) C° but non C* (c) C* but not C?

Negative obstacles
(d) Non C°® (e) C°but non C* (f) C! but non C?

1-MEORA-

[e<)

=

(a) Non C°




Existing all-terrain suspensions

@ Suspensions

[l

= Architectures
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@ Different suspension architectures
® (bijective : to improve dynamics of the vehicle on irregular grounds
* Rigid and semi-rigid axles : the first to appear, heavy loads, comfort

®* Independent suspensions (double wishbone, Mc Pherson, trailing
arm, multi-link...) : comfortable, adjustable, load

3

Ford F350 4x4
rigid axle suspension

Mini-Baja vehicle at Oregon State University
with double wishbone suspension 5

Rigid axle with leaf
springs onatrailer = 8



Existing all-terrain suspensions

L/

@ Suspensions

|

= Active

J
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@ Active suspensions (i.e. That integrate actuators)

® Bose suspension: a Mc Pherson with spring replaced by a linear
electromagnetic motor (LEM) adapted from loudspeakers

e High translation speed

e Energy provided for extension is recycled at compression (Ew =E,/3)

Ol ——
T =

Bose suspension
www.bose.com 6
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Existing all-terrain suspensions

N ¢ Active suspensions
e Michelin Active Wheel : integrated concept
(traction, brake, active suspension)

e Short travelling distance for ATVs

| @ Suspensions I

MICHELIN Active Wheel

Maoteur électrique de suspension
Electrical suspension motar

Disque de frein
Brake disk

Motewr électrique de traction
Puissance permanente 30 KW
Electrical drive mofor
Cantinuous power : 30kW

| X ’
(] T - Ressort de suspension
' L . i Suspension spring
s - — : /
o) i - -.
e 2y = Suspension active intégrée
Etrier de frein e | In-wheel active suspension
Brake caliper - L

Fauroux /| Dakhlallah /Bouzgarrou
TIMS | LaMI, IFMA, France
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Existing all-terrain suspensions

@ Suspensions With 2DOF per Wheel s scnoss s roms oo et s e

* OCP suspension (Optimized Contact Patch) = frirm-
e Supplemental cambering DOF of the wheels | 13;533
e Passive actuation via inertial forces m o e o Bl =
e |ower wear of contact patch  EEESEEEEss
ys— * +10% race comering performance e
l—l e Joint WR Patents IFMA / Michelin Erfot ltera

J
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Existing all-terrain suspensions

@ Suspensions with 2DOF per wheel
® Sacli Suspension with 2 suspension in series for dissociated vertical and
roll behaviours
In the wheels : dive suspension
In the central frame : roll suspension

|.-,Suspensions I e Ability to roll wit_h low cambering - lower wear |
and better traction on the contact patch during cornering

IDAMPNER, SPRING FOR
ROLL SUSPENSION = PUSH ROD -ROLL
R s SUSPENSION

=L CHANI UPPER A-ARM ROLL
FOR SUSPENSION
SUSPENSION
Y =9 STRUT, DAMPNER.
;
I

1
N
W)
@)
5

SPRING - DIVE
SUSPENSION

HUB
ASSEMBLY
LOWER A-ARM -ROLL
USPENSION

J

Fauroux /| Dakhlallah /Bouzgarrou - . . .
TIMS / LaMlI, IFMA, France 2nd prototype turn front 2nd prototype turn rear Sacli suspension 9
HUDEM '10, Sousse, Tunisia www.saclisuspension.com
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Existing all-terrain suspensions

@ Suspensions

|}

= Longitudinal

J

@ Longitudinal DOF
e (Classical joints are replaced by rubber bushings
e A longitudinal DOF exists with limited amplitude (a few mm)
e Useful for longitudinal comfort (high frequency small motions)

Contral arm
bushings

Multi-link suspension with a massive trailing-arm bushing McPherson suspension with bushings L |

@ Conclusion of bibliography
® EXxisting suspensions are not suitable for fast obstacle crossing
e Shock absorbers and wheel motions are rather vertical (except roll)
e This work will try to create innovative suspensions for this purpose

Fauroux /| Dakhlallah /Bouzgarrou
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Single wheel model

@ Single wheel

" J

@ Introducing the simplified model
® Rigid wheel of mass m, radius r, submitted to constant torque T
e Starts at null speed and rolls with slipping along distance d_

e Contact and impact on obstacle of height h

C/FO d X

0

@ Multibody calculations
e Adams multibody software
For a set of five parameters (m, r, T, h,d )...

(]
e _.atrajectory can be traced
e Useful to check the realism of the model, particularly contact

Fauroux /| Dakhlallah /Bouzgarrou 1 1
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Single wheel model: Contact

@ Contact model in Adams
4 ) . . .
e Unilateral elastic contact with normal force N

N = Max (0,k(@o=q) — C q.STEP (q,q,—~d , 1,q, 0))

FK
e Elastic term k = contact stiffness
q,-q = geometric penetration e ‘
e = positive exponent oo
58
* Damping term C = damping coefficient R
@ Single wheel g = penetration speed ’ 0 1
d = limit distance
AFC
® Tangential force T such as T/N=u > +
e //depends on the slipping velocity V (e

Coefficient of Friction vs. Slip Velocity
/\ He
[
0 T ' »
gy d g 4
F.=-Cq* STER(M, 0,- d, 1, d,, 0)

Coefficient of Friction

Va v 0 V. Va
\ ) k m = 5kg, r=250mm, h=100mm, T=10Nm, k=1E5N/mm
\/ e=2, C=100Ns/mm, y =0.8, ,=0.7, V. =10mm/s, V,=100mm/s
Fauroux /| Dakhlallah /Bouzgarrou
TIMS / LaMI, IFMA, France e 12

HUDEM '10, Sousse, Tunisia Slip Velocity



Single wheel model: Results

s N ¢ Influence of mass m
e A lighter wheel jumps longer/higher

e Same shape / Scale factor between trajectories

Roue2D
10500.0

9000.0 —

7500.0

@ Single wheel

6000.0 —

Length {mm)
|

4500.0

3000.0

1500.0

" J ]

0.0 T T T T T T

Fauroux / Dakhlallah /Bouzgarrou 0.0 10000.0 50000.0 30000.0 40000.0
TIMS / LaMl, IFMA, France Analysis: Last_Run Length (mm) 13
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Single wheel model: Results

@ Influence of obstacle height h
4 N\ ® h has a major influence the trajectory (defines shooting direction)
e \With h>r, rebound (as expected)
® Here : h=100mm for the highest jump, h=60mm for the longest jump
® hlow - jumpislong & low, h high - jump is short & high

20mm
60mm
100mm

140mm

180mm J—

220mm = R
260mm (rebound) v \\

2000.0 - | oo

@ Single wheel

1500.0
T
E
LT
5
o
c
()
-
1000.0
500.0
0.0 T T T T T T
Fauroux | Dakhlallah /Bouzgarrou 9000.0 11250.0 13500.0 15750.0 18000.0
TIMS | LaMl, IFMA, France Analysis: Last_Run Length (mm) 14
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@ Single wheel

.

J
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Single wheel model: Results

@ Influence of torque T

e Higher torques T generate higher jumps with same shape (scale factor)
® Torgue saturation: same curve for T=100Nm and T=200Nm
® Sensitivity to time discretization (artefact at 16Nm , 1001 steps)
7500.0
T = 4Nm
I o J
7 _._.;: %SNNr;nﬂOOl steps) //‘ \\
————— T = 16Nm (2001 steps) /
-------=-T = 100Nm
—-—--T = 200Nm
5625.0 \
\
N\
AN
A \
£
£3750.0 \
% \‘\
1875.0 ‘\‘ \\
5 . \\
\
\ ]
0.0 T T T T T
8000.0 14000.0 20000.0 26000.0

Analysis: Last_Run

Length {(mm)

32000.0 15



@ Single wheel

Single wheel model: Results

@ Influence of d.

® |onger runs
generate higher
homothetic jumps

e Longer run - higher
impact speed -
higher kinetic
energy

@ Other studies

tend to converge

TIMS | LaMl, IFMA, France
HUDEM '10, Sousse, Tunisia
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@ Conclusion on the single wheel model
The model is plausible although contacts give singularities 16

T T
15000.0 22500.0 30000.0

Length (mm)

Contact stiffness k: no effect on the trajectory if k<1E6N/mm. Higher
values of k - numeric convergence problems
Exponent e: no big effect. e too low (e = 0.25) - small oscillations

Contact damping coefficient C: very strong influence: values of 1 and
10 Ns/mm lead to very different trajectories. Above 100Ns/mm, results



Innovative suspension

@ Longitudinal DOF
4 ) e The horizontal force cannot be neglected for fast obstacle crossing

® |t depends on the orientation of the ground normal

\ *@f

@ Implementing a horizontal DOF
e Parallel architecture : cylinders connected in // to the hub-carrier

e Serial architecture : example next page implemented on Adams
|‘| G

@ [nnovation

" J
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Two-wheel model

@ Two wheels

\ J
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@ Serial architecture
® Frame mass dispatched on spheres 1-2. Parts 3-9 have no mass

® Frame: 100kg. Wheels: 5kg @
e Vertical suspension: preload of 500N .\

Ol

@ R

,.ﬂk—" - - i

(06)

@\

A

r=250mm, h=350mm, T=110Nm, k =5N/mm, C =3Ns/mm, k,=5N/mm, C,=1Ns/mm
k=1E5N/mm e=2, C=100Ns/mm, =0.8, 4,=0.7, V.=10mm/s, V,=100mm/s 18



Two-wheel model: Results

@ Comparison of three configurations
4 ) . ; . .
e H1 = front horizontal suspension, H2 = rear horizontal suspension
e Configuration a) without H1 without H2
e Configuration b) with H1 without H2
e Configuration c) with H1 with H2




Two-wheel model: Results

/s N ¢ Result analysis - Pitch angle

e (Case a) - tip-over. Case b) and ¢) - no tip-over

e H1 seems to be efficient and compulsory for obstacle crossing.
e H2 |ooks optional

e b) and c) differ only by the sign of the pitch angle after the shock

FAST 2DDL_W?2
50.0 = =
—PRITCH_AMGLE WITHQUT H1 WITHOUT H
—=PITCH_AMGLE WITH H1 WITHOUT H2
———=PITCH_AMGLE WITH H1 WITH H2
P B S e T
o 500
LR}
E
LK
@ Two wheels )
[
<€ -100.0 A
-150.0 4
-200.0 T T T T T T
\ ‘ 0.0 0.5 1.0 15 2.0 25 3.0 35
Analysis: Last_ Run Time (sec)

Fauroux /| Dakhlallah /Bouzgarrou
TIMS | LaMI, IFMA, France 20
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Two-wheel model: Results

@ Force and energy

® Front suspension has 2 force peaks : shock & landing
® Rear suspension has no shock and only a landing peak
FAST_2DDL_v2
100000 4  10000.0 == 5.0E+06
- e
5000.0 + ----.CHASSI_S.Ki.nI;E:cE Energy.Mag B
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. 5000.0
7000.0 -
— T - ‘/'
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4 | B / E
= 5 { £
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S S R 7 :
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3000.0 - 7 i i
4 o000 s /f
2000.0 - / L 1.0E+05
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1000.0 - 1 ./ o -
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004  -10000.0 #me=t | . . . . . | . | | | 0.0
\ ) 0.0 0.5 1.0 15 2.0 25 3.0 3.5
Analysis: Last_Run Time [sec) 2010-04-30 17:13:39
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@ Two wheels
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Two-wheel model: Results

@ Horizontal speed
decrease after impact
® a) speed divided by 5
(10m/s - 1.8 m/s)
Kinetic energy /25
® D) c) speed divided by 2
(9.5m/s - 4.5m/s)
Kinetic energy /4

® The horizontal
suspension allows a
smoother motion

FAST_2DDL V2

Analysis: Last_Run
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@ Conclusion

"
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@ Main results
® Obstacle-crossing on rough terrain at high speed (10 m/s) “l‘
* Innovative principle of suspension with 2 DOF
¢ A vertical DOF like every suspension
* A specific horizontal DOF for steep obstacle crossing
® Can cross obstacles as high as the wheel radius
¢ Validated on a multibody Adams model
* Improves and irregular ground isolation at high speed
* Improves longitudinal stability, crossing speed & avoids tip-over

h=~r

@ Future work
* Experimental work with Design Of Experiment (speed, obstacle height)
* |mpact force measurement
* Analytical model FAST exploration of design and control space
® 3 Scenarii : - passive (constant stiffness & damping)
- low actuation (adjustable stiffness & damping)
- full power actuation (force injection)

@ PCT Patent in progress

23
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