TRASYS

WE GET IT DONE

The ORCCAD Control/Command Approach:
Application in European Planetary Exploration

K. Kapellos - TRASYS (Belgium)

Journee Bernard Espiau



ESA Planetary Exploration Missions

= Landing humans on planets and returning them safely back to Earth will constitute
an effort that present day society finds difficult to fund. Human landings have been
postponed for the second half of the next decade.

= ESA and NASA have plans to fly joint/coordinated missions to Mars every Earth-
Mars opposition until Mars Sample Return (MSR)

= ExoMars mission |
— 2016 slice: Orbiter + EDL demonstrator J ESA-NASA ExoMars programme 2016-2011
— 2018 slice: Rover + Pasteur payload A

— Scientific interest
 Identify and characterise possible hazards to
human exploration
« Enhance the knowledge of the Martian environment
« Exobiology with in-situ soil sample analysis .
— Technological interest —ETITH
« Landing of large payloads on the surface of Mars D;:mufm;‘g: - 2018 X -
« Mars Surface Mobility ' .

ESA ExoMars Rover ‘
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ESA Planetary Exploration Missions

= Mars Sample Return (MSR)

— ESA develops elements of the mission

« A Mars Sample Transfer and Manipulation
System (MSSTM) providing the function to
transfer samples from the acquisition device to
the Mars Ascent Vehicle (Prime: ASU)

« A Sample Fetching Rover (SFR) being capable
of traverses of few kilometers (~20km)

= Lunar Mission
— Not later than 2018

— Analyzing the structure and composition of
lunar dust

— Characterizing in-situ resources in the form of
volatiles

11/06/2012 —I— Q /\ S \/ S

WE GET IT DONE

Fps: 127 [78.9 ms] / Average: 13 [77.2 ms]

Robotic Arm:

= surface instrument deployment
= sample acquisition

B

¢ > S Platform diameter
- ~2.4m

Credits: A. Pradier — ESA



Rover Operations Structure

¢--22--7 Activity Plan

Rover Operations Control Centre

Communication COMMUNICATIONS I/F MODULE

Plans from MOC

ROCC v

TM Acquisition &
Processing

O/B Software
Management

Rover Planning

Common Functionalities

e i e

for the control of the rover operations
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Rover Operations Structure

Drill collects
sail sample

Rover Operations Control Centre
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— Functional layer
— Action definition
— Action validation

— Execution layer
— Task definition
— Task validation

— Deliberative layer
— Activity Plan



Functional Layer — Actio

n definition

* AnAction is defined as the complete and parameterised specification of:

A control law
A local behavior rythmed by events
Temporal constraints (real-time aspects)

Examples: move_mast_to(), take _image(), ...

START

__________________________________

ABO

i Wait a request to start
. Wait preconditions
: Activate the control law
. Wait and handle exceptions
Until the post-conditions are
satisfied
Deactivate the control law

n_GoodEnd

| Action % N ' ot
RT_Action Ber;la\lhour @ i Cfa\(():

___________________________________

tion_handle_exc_k
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Functional Layer — Action definition

= Actions involved in the Mars Sample Return — Sample Transfer activities

MOVE_TO_JS

Displace activity that moves the robot to a desired joint position using trajectory
tracking control in the joint space.

MOVE_TO_SE3

Displace activity that moves the robot to a desired cartesian position using trajectory
tracking control in the cartesian space.

APPROACH

Displace activity that moves the robot to the vicinity of the gof using trajectory tracking
control in the cartesian space.

APPROACH_ATTACH

Approach activity that moves the robot to the gof grasping position using vision based
control.

ATTACH/DETACH

Attach/Detach activity by closing/opening the gripper using force/torque control.

LOCK/UNLOCK

Locks/unlocks the item.

EXTRACT_FROM

Extracts an item from its port using force/torque control

INSERT_INTO

Extracts an item into its port using force/torque control

RETRACT

Moves the robot out of the gof proximity area using trajectory tracking control in the
cartesian space.

11/06/2012
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3min-720p.avi

Functional Layer — Action definition

= Designed in the framework of the Task Function approach

11/06/2012

The user’s objective may in general be expressed as the regulation to zero of a n-
dimensional C? function e(q,t), called task function

[=-AM oe G yDe+aeq+ae +N—M oe f oe| oe >0
0 ot aq

oq aq oq
Joint space: e(q(t)) = q (t) — qq4(t)

Cartesian space: e(r(t)) = x(t) — x4(t)

Visual Servoing: e(r(t)) = C (s(r(t)) — s*) _ os
» s(r(t)): current value of the visual information e=0C gTq
« s*: desired value of the visual information O
S
« C: combination matrix 6xk L = or

Hybrid control: e = W*e, + a(lg - W*W) e,
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Functional Layer — Action definition

= Real-Time aspects
— Multi-tasking, multirate real-time s o snns e
— Hard or weak synchronization (minimize latencies) 4 | gt

— Data integrity over asynchronous links

— On-line reconfigurations via exceptions
— Links with hardware (drivers, sockets, etc.)

[ ]
r

oo e

— Control aware real-time

— Design and implementation of special API for Feedback scheduling:
« Varying clocks
» Varying priorities
« Overrun handlers

— Automatic code generation
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Functional Layer — Action Validation

Use of the Siconos simulation platform [INRIA / BIPOP], a free software, dedicated to
modeling, simulation and control of Non Smooth Dynamical Systems including
mechanical systems with contact, impact and friction
— Introduction of the kinematics and dynamics data
— Use of the HUMANs Toolbox for:
— automatic generation of the robotic arm models and control functions; integration with
the Siconos kernel
— analytical computation of the contacts between the EE and the sample container

— Integration into the ORCCAD controller

—_

model (in maple) L C’code S

+

\ Siconos Kernel

control law (in maple) smmee o |

global simulation

Controller Model (@in %SAT)
11/06/2012 —I— IQ /\ S \/ S
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Functional Layer — Action Validation

= Continuous Time Simulation

error cartesian position

0.0003

= e6 {rad} - \Z({m)
ol i
= e3 {rad}
= 2 {rad} 15
0.0002 = el {rad}
-0.0002 ° 100 200 300 A(iiome {s} 500 600 700 500 0 100 200 300 40[?me © 500 600 700 800
Q1 Q2 Q3 Q4 Q5 Q6
Positioning Accuracy (rad) | ~e-15 ~e-6 ~e-6 ~e-6 ~e-12 ~e-16
Max Tracking Error (rad) ~e-11 ~e-5 0.0002 ~e-6 0.00011 0.00011
Max Joint Torque (Nm) ~e-5 -39.9504 -16.7793 -1.8405 -1.3433 ~e-8

— The positioning accuracy of the control law is high with a very small maximum tracking
error. Important torques are applied at the second and the third joints (-39.9504Nm and -
16.7793Nm respectively)
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= Descretised time simulations

Functional Layer — Action Validation

Normal forces (red) and tangential forces (in green)
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Functional Layer — Action Validation

= Simulation considering environmental conditions

Grey level histogram

20
‘ . °]
. . ® 7

p [50 ms] / Average: 20 [50 ms]

ay level

Mean error per direction

11/06/2012
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X (m) Y (m) Z (m) Rx (rad) Ry (rad) Rz (rad)
0.00065 0.00039 0.00023 0.00359 0.00371 0.00163

— Standard deviation per direction
X (m) Y (m) Z (m) Rx (rad) Ry (rad) Rz (rad)
0.0002 0.00017 0.00023 0.00286 0.00255 0.00088
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Functional Layer — Breadboarding

= |ncrease the Technology Readiness Level
End effector, ...

11/06/2012

Credits: RUAG Credits: Selex - GA

Vision Based Control

» Use of LAGADIC - ViSP s/w

TRASYS
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ILOG Based MMI

Functional Layer — Tools
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Simplified environments

On-going developments under Eclipse

— Plug-in for specification and code generation,
connections with external modelling tools, ....

— Use of XML format for data specification

Duration
1 mes . | [ TemwaieAcions | Tempiate Tesks | Amons | Tesks
Code Loce | [Template Actions (Mnemonic) [
o DHL 2template actions)
Computer Board o DWA 4 template action(s)
¢ Drill 16 template action(s)
Done [ @ Drill_Ct [Drill_C 1
@ Dril_DBDeploy [Drill_DBDeploy) 1 references)
I © Drill_Di [Drill_D

@ Drill_DBESwitchOff [Drill_DEESWitchOff] 1 reference(s)
@ Drill_DBMoveTa [Drill_DBMoveTo] 1 reference(s)

@ Drill_DBMoveToD ition [Drill_DEMoveToD:

@ Drill_DBStow [Drill_DBStow] 1 reference(s}

© Dril_D [Drill_D 3
@ Drill_DrillDown [Drill_DrilDewn] f reference(s)
@ Drill_D [Drill_D

© Drill_DrillSwiten Off [Drill_DrillSwitchOf] 1 reference(s)
@ Drill_DrillUp [Drill_DrillUp] 1 references)

i @ Drill_ [Drill_Posi 1
@ Drill_ OFf [Drill_f off 1
© Drill_T [Dril_Te 1
@ Drill_ToolSwitchOff [Drill_ToolSwitchoff] 1

% GNC 17 template actionts)
© Authav_initialise [AutNay_Initialise] O reference(s)
@ Authav_SwitchOff [AUtNav_SwitchOfl 0 reference(s)
@ GNC_AbsoluteL ocalisation [GNC_AbsaluteLocalisation] 0 referer

@ GNC_ [GNC_ 0

© GNG_Compi [GNC_Comp 10

@ GNC_DirectDrive [GNC_DirectDrive] 0 reference(s)

@ GNC_FollowPath [GNC_FellowPath] 0

© GNC_LocC [GNC_LocC: orefel
[ @ GNC_LocC [GNC_LocC Q

@ GNC_LocCamSwitchOff [GNC_LocCamSwitchOf 0

@ GNC_ [GNC_t 0

L ——

TRASYS
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— Functional layer
— Action definition
— Action validation

— Execution layer
— Task definition
— Task validation

— Deliberative layer
— Activity Plan

17



Rover Operations Structure

Rover Planning

‘Common Functionalities

Rover Operations Control Centre

i Deliberative 5 Symbolic
: Eiinotions ACTIVITY PLANNING Mission Reasoning
i — o ==y, -E “ﬂé =
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Execution Layer — Task Definition

When moving from Actions to Mission objectives there is an intermediary level
where the Rover activities (Tasks) are expressed in terms of FSMs

do [
DrillMoveTo ();
CloselmagerMoveTo ();

[

CloselmagerMonitor()

[
DrillExtractSample()

]

] watching Alarm do ...

— Examples: Autonomous Navigation, Travel, Drill, Sample Analysis

Tasks shall be formally defined and validated

19



Execution Layer — Task Definition

A Task is defined as a logical and temporal composition of Actions and other
Tasks including logic for making checks and decisions. It is formally defined in
its most complete form as:

A set of pre-conditions which need to be fulfilled before the main body of the Task
starts.

A main body, (nominal execution of the Task), composed of Actions, Tasks and
conditions which fulfils the goal of the Task.

A set of post-conditions that induce the end of the Task.
A set of reaction rules to process every exception by a recovery handling body (this
IS a way to provide optional activities).

A pre-defined behavior for the logical co-ordination of the previous items: the main
body of the Task is activated after satisfaction of the pre-conditions, and normally
ends when the post-conditions are satisfied. If an exception occurs, this nominal
execution is aborted and replaced by the specified recovery body.

Definition adapted to the ExoMars operations
In line with the ECSS-E-ST-70-01on OBCPs

20



Reactive systems

Execution Layer — Formal Framework

vV V

Reactive system

v Vv

Inputs outputs

Behavior of the system
— All allowed sequences of the input/output events

Synchronous approach
* The duration of the system reaction is negligible wrt the input signal occurrences

ESTEREL language
» Dedicated for reactive systems programming
« Compilation to finite state automata
« Tool for simulation, verification and code generation

21



Execution Layer — Task Specification

o == =

o

File Template Action Template Task Action Task Help

rLibrar

Template Actions rTemp\ateTasks rAdluns rTasKs |

[Template Actions (Mnemonic) =
o DHL 2 template action(s)
o DMA 4 template action(s)
¢ Drill 16 template action(s)

¢ GNC 17 template action(s)

@ Drill_CollectSample [Drill_CollectSample] 1 reference(s)

@ Drill_DBDeploy [Drill_DBDeploy] 1 reference(s)

@ Drill_DBElnitialise [Drill_DBEInitialise] 1 reference(s)

@ Drill_DBESwitchOff [Drill_DBESwitchOff] { reference(s)

@ Drill_DBMoveTo [Drill_DBMaveTa] f reference(s)

@ Drill_DBMoveToDeliveryPosition [Drill_DBMaoveToDeliveryPosition)
@ Drill_DBStow [Drill_DBStow] 1 reference(s)

@ Drill_Deliversample [Drill_DeliverSample] 3 reference(s)

@ Drill_DrillDown [Drill_DrillDown] { reference(s)

@ Drill_Drillinitialise [Drill_Drillinitialise] 1 reference(s)

@ Drill_DrillSwitchOff [Drill_DrillSwitchOff] 1 reference(s)

@ Drill_DrillJp [Drill _Drilllp] 1 reference(s)

@ Drill_Positionerinitialise [Drill_Positionerlnitialise] f reference(s)

@ Drill_PositionerSwitchOff [Drill_PositionerSwitchOff] 1 reference(s|
@ Drill_Toollnitialise [Drill_Toollnitialise] 1 referencefs)

@ Drill_ToolSwitchOf [Drill_TaolSwitchOff] 1 reference(s)

@ AutNav_|nitialise [AutNav_Initialise] O reference(s)
@ AutNav_SwitchOff [Authav_SwitchOff] 0 reference(s)
@ GMC_AbsoluteLocalisation [GNC_AbsoluteLocalisation] O referer—|
@ GMC_AdjustBody [GNC_AdjustBody] 0 reference(s)

@ GNC_ComputePath [GNC_ComputePath] 0 reference(s)

@ GNC_DirectDrive [GNC_DirectDrive] 0 reference(s)

® GMNC_FollowPath [GNC_FollowPath] 0 reference(s)

® GNC_LocCamAcquirelmage [GNC_LocCamAcquirelmage] 0 refe;
@ GNC_LocCaminitialise [GNC_LocCaminitialise] 0 reference(s)
@ GNC_LocCamSwitchOff [GMNC_LocCamSwitchOff] O reference(s)
© GMC_MergehNavMaps [GNC_MergeNavMaps] 0 reference(s) =

I [ I

‘eSample

Coordinator

trap T_extract_sample *

[
call Activate_Clos
enit A_CloseInager

=== Activity Plan Preparation

File Observations Activity Plans Help

[ Obsenations | Activity Plans |

|| DRILL_SPDS_test | BB32_DnRun |

[8978.0,2978.0]
[608.03,608.03]

abort. Repaository 4
e ; | 4
case A_CloseInf| Filter mnem.| |
cace ACloselnl “ opservations | Activity Plans | :
end await. | Mnemonic
when handle_A_Clos Actions Tasks AL .

[ enit REQ_HANDLE_ ||[Time  [min-max]
. end abort. I All |v Energy [min-max]
¥ Data [min-max

D Mnemonic L 1

trap AcquisitionOK
positive repeat 3

trap InsertFaile

call Activate_
enit A_DrillIn
abort.
await.

case A_Dril

Wl wait_Time_so_. [wait_Time 60 . |«
[ % dnsert - acquire |||\Wait_Time_1_sec
r ) L 1

'Wait_Time_5_sec|
Wait_Time_10_...
Wait_Time_30_...
Wait_Time_120... [Wait_Time_120..
Wait_Time_ABS... [Wait_Time_ABS...
Wait_Time_ABS... [Wait_Time_ABS...
DMA_MoveTo_pt... DMA_MoveTo_p...
DMA_MoveTo_pt...|DMA_MoveTo _p..
DMA_MoveTo_pt...|DMA_MoveTo _p..

[562.8,562.8]

|BEI_3_2_F'ancam

Activity plan for the sol1 built for RRIT3 test.

e A ort1 ||[DMA Initialise_.. [DMA_initialise_. e o
end await. DMA_MoveTo_pt..|DMA_MoveTo p.. HRC_Image_Aeq s00
when. 1 ||[DMA MaveTo pt..[DMA MoveTo p.. DMA_MaveTo_plu_pan315_tis e B

see handie | IDMA_MoveTo_pt..|DMA_MoveTo p... 2 2&—&“?—“‘”—%‘"??:—?:: E m%

call Acti |||[DMA_MoveTo_pt |DOMA_MoveTo p = MevaTa_plu_panian_ = =
enit ADr ||[DMA_Initialise_. |DMA_Initialise__ |— £ DMA_MoveTo_piu_pands_tis ElE
abort. TR TIE e e — 1 DAA_RaveTa_ptu_pan0_tis =100 @
DMA_ Initialise_mast_stndby 50 e
Legend Wait_Time_5_sec 1 1 1 1 1 o
07110 07120 o730 o7:40 o750
Observations (22) Time
Tasks (0) Energy Memory mass
B Actions (24)

| Apply | OK

ExoMars Activities specification

— ~120 Actions / 30 Tasks

TRASYS
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= Task Formal Verification

Execution Layer — Task Formal Verification

Systematisation of the properties to be verified
Automatic generation of the ‘observers’

Use of the Esterel tools

[E] FoRMID - workhench 7 e

File Action Task Repository Help

Library

AR & 1osk venication

[Tasks
@ TravelOps flask(s
9 InitPhase 6 task(s)

® CheckEventT
& CriticalDeplo
& DeployandEc
& FinalDeployrr
& IntermDeploy
9 Egress { itaskis) |
& Egress | el

File Help

Relationship between Actions/Events and Actions

 Property Verification

Genetic_SAFETY
Generic_LWEMESS
SCiriggersDA
DAprechysA
ShChprechyDeplSA
DeplSAprechyShCh
DeplantprechyShCh
ShChprechyDeplAnt

To Be Verified

Repasitary

(@ The execution of

(2 The accurence of

‘ Werify H Delete | | Canfirm H Reject |
@ Drillops 2 task(s) ¢
@ Experi CYClR £ property
@ Tests 2 task(s) Or Name ’—
Relational

CloselmagerDeploy *

.. triggers ..
@ s always preceded by

(... always takes place during ..

0 always implies
Hame
DeployAntenna p—
P anCamMaveTo ... the execution of | CloselmagerDeploy

SeliCheck

Add

‘ Resat || Apphy H Cancel H oK |

— The execution of the Action/Task
... triggers ...
... Is always preceded by ...
... always takes place during ...
... always implies ...

the execution of the Action/Task

— The occurrence of the Event ‘event’
... triggers ...
the execution of the Action/Task

TRASYS
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Rover Operations Structure

Rover Planning

‘Common Functionalities

Rover Operations Control Centre

i Deliberative 5 Symbolic
: Eiinotions ACTIVITY PLANNING Mission Reasoning
i — o ==y, -E “ﬂé =
' Execution e
! Control Tass 2 E I3
| | o @
i p
| :
' z é (2] )
1 (o] w =] -l 2] w0
. E|2|8% | 2|g ] 2@
| Functional o |8 w | = Po) ; 8z
s L = Actions 9

i Level O | ¥ | 2|0 | W = <)
. O |- |2 || E < Q3
i o |un | & = o Oc
1 | < o E
| = o

I | o

Commus COMMUNICATIONS I/F MODULE 1
' |

i Device I/Fs SENSOR & ACTUATOR INTERFACES Device Ctrl
: SIC PHYSICAL SYSTEM . .
' Credits: M. Van Winnendael — ESA

11/06/2012 TRASYS 24

WE GET IT DONE



Deliberative Layer

= |RONCAP considers the problem of generating strong conditional plans which
allow for parallel activities (Actions/Tasks), partial observability and take into
account uncertainty on the duration of the activities, uncertainties on the
ordering of events and uncertainty on resource consumption to guarantee
goal achievement
— Uncertainty is modelled by distinguishing controllable and uncontrollable state and
temporal variables

timed game = T

(planning domain) A— oL
candidate strategy e L e e M e

didate plan) i .

T p— BuildCSP csp (canclda -
problem | — .. i ‘ JA \ \
— find candidate SOWVER st : l L U &J IIJ Wil |
I JUNSM e e B
initial constraints increase k
; . UNSAT
Build CSP csp _ | | |
problem b v ” | N |
ey Check candidate SOLVER N - — B
Winning condition solution strategy ), A/ "
(planning goal) SAT (plan) e
I]J S
]
increase k or
initial length update constraints &
.

— The planning problem formally represented as the problem of finding a winning
strategy in timed/hybrid game

(*) IRONAP: ESA on-going Activity: VEGA / FBK (A. Cimatti) / TRA

TRASYS
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ORCCAD Integrated into the 3DROV Simulator

Physical s/s
Robotic Arm
Rover, ....
Power, Thermal

Environment
Atmosphere
Orbiter & Timekeeping
Terrain

ORCCAD Controller
Control laws
Actions, Tasks
Real-time impl.

= Main components
— Physical s/s models
— Controller model
— Environment model
— 3D Visualisation component
— SIMSAT framework (ESA/ESOC Tool)

11/06/2012

,
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Models | =

(SMP2 compliant)

TRASYS

Simulation (SIMSAT)

Visualisation Tool
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Contacts

K. Kapellos | L. Joudrier

TRASYS 28] : ESA/ESTEC

Terhulpsesteenweg, 6C, 1560 Hoeilaart Keplerlaan 1, 2201AZ Noordwijk, The Netherlands
Phone: +32 2 893 15 08 Tel: +31-71-565-8294

Fax: +32 2 893 14 00 Fax: +31-71-565-5419

E-mail: Konstantinos.Kapellos@trasys.be E-mail: luc.joudrier@esa.int
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