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Abstract,

TH1LS paper deseribes the (:@Q117[11 systen design con-

cepts for the AIM’S Volatiles (/711 Clinna te Surveyor

(M VA CS) Robotic A v which supports the scientific
investigation stobe conducied as parl of the Mars Sur-
vey or 98 Lander project. Novel solu tions are presented
lo som C of the unique problems encoun Lered in this de-
m an ding spa ce appli cat ion wi th ds tight constraint s on
(8,8, pow e, volwine, (71Q comput tng resources. Prob-
lems addressed include th ¢ J-DOI forward end inv ersc
Finematics, trajeclory planning to wminimize polential
impact damage, joint drive train protect ton, Lander ¢l
prevention, hardware  faull monitorit g, and collision
avoidance.
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1 Introduction

In January of 1999 NASA willlaunch the Mars Sw -
veyor 981 ,/111(1[, 1 spacecraftwit 11111( Mears Volatiles
and Climate Surveyor (N IVAC S) integrated science
payload as part of the Mars FxplorationPProgram [1].
Thetargetlanding site is at 710 S latitude Jate during
t he Man tian southern spring scason. The goal of the
MVACS mission is to condudt scientific investigations
to:

1. Characterize the suwrface enviromnient;
2. Scarchfor TSI faccground  ice;

3. Determine the quantity of 'Oy and 11,0 in the
soil;

4. Determine the abundance of volatile-bearing min-
crals in the soil:

5.Searchforclimate recor@s inthe forin Of fine-scale
layering innear-sui face materials.

The major elements of the MVACS! science payload
consist of (sce Figure 1):

1. A Swface Sterco Imager (SS1) supplied by the
University of Arizona to charact erize the gener al
environiment;

‘2. A Robotic Ay Camera (RAC) supplied by
the University of Arizona and the Max-1°la uck-
Institute for Acronomy to provide close-range sur-
face and subsur{ace images;

w

. A Thermal and Fvolved Gas Analyzer (THGA)
supplied by the University of Arvizona to deter-
mine concentrations of ices, adsorbed volatiles,
and volatile-bearing minerals in soil samples;

4. A Meteorology I'~](dii]/,(, (MET)and Soil Teniper-
ature 'robe (ST1) supplied by the Jet P rop ul -
sion L.aboratory (J17],) t 0 measure pressure, wind
speed, and t emperature;

5. A two-mcter 4-DOYF Robotic Arm (RA) supplied
by JPL to dig trenches, acquire soil samples, po-
sition the R AC |, position the Soil Temperature
Probe, position the soil samplefor viewing by the
SS1, and deposit the acquired soil sample in the
TIGA for analysis.

Thelander spacecraft is being built by Lockheed Mar-
tin Ast1 onautics. The Principal Investigator is Profes-
sor David 1 ’aige of UC 1A with project management
provided by JA1'1,.

Since this is a space application, there are tight con-
straints on mass, power, voluni ¢, and computi ug re -
sources. The Robotic At is allocated @ mass of 3.5kg
andal() watt average (20W ])Heak) power budget. The
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Robotic Arm control software will run on a RADG000
running at SMIlz in a multitasking environment. un-
der t he VxWorks? operat ing system. Addit ionally, the
itegrated instrument payload makes maximum use of
subsyst em designs that have heen previously qualified
on the Mars Pathfinder program to 1 educe cost and
mission risk. Thie purpose of this paper is to present
the design concepts of ihe Robotic Armn Cont ml Sys-
tem delineat ing some of the unique problemns encoun-
tered in this app lication.

2 Robotic Arm System 1 Jesign

The Robotic Arm system counsists of a lightweight
4-DOF manipulator, Arm Control Blectronies (ACH)
to drive the motors and read in sensor data, and the
('0111] rolsoftware 10 providecommmand expansion, tra-
jectory generation, control compensation, andt () moni-
torthe s(11s01” data. Salient features of the manipulator
are:

1. 4-1 HYOJ back hoe design suflicient to achieve dig-
ging, sample acquisition, and If AC, and ST} po-
sitioning;

2. Low-mass graphite-c poxy tubular links;

3. Joint actuators consisting of low-power (3.2W)
motors with two-stage speed redu ction (planctary
gear plus harmonic drive} to achieve low-r nass
with high-torque out put;

4. Capability of exerting up to L 70N force a the end-
cffector for digg ing with up to 80 ON for ripping
with the tines in sclectecd configurations;

5 Non-backdriveable joints through t he use of mo-
t or detents which can he select ively shut off to
conser ve energy during scelected manipula torme -
tions;

6. Actuator heaters t () inaintain adequate tempera-
ture in the cold Martian environment ;
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Joint. encoders and potentiomet ers t 0 achievel cm
absolut ¢ ((Locmrelativ(, ) positioning accuracy.

8. Fnd-cffector tools t o perfor i the var ious mission
functions including the RAC, ST, scoop for dig-
ging, and tines for ripping;

9. Anoflset clbow joint so thatt 11! end effec tor can
swing through and reach behind to facilitate sh ow-
ing an acquired sannuple to the SS1;
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Table 1: MVACS Robotic Arin Task Commands
Name Description

Acquire a sample at location
T,Y,2.

ra.acquire.sample
(@,y,2,sample type)
ra_dig.trench Dig a trench starting at
(z,y,z trench.depth, | @,y,2  with the  gpecified
trench length, paramecters.

trenchowidth,
trench_angle,
dig_angle)
ra.ssi.show() Move the sample into po-
sition for viewing by SS1
camera.

Dump the samnple into the
currently designated ‘] 'EGA

ra. 1‘(‘,7;',;17,(111111;)()

port

1 0. A payload capacity of 5Kg at full-arm extension.

The Avin Control Electronics consists of circuitry to
read in data from the enicoders and pots, provide cur-
rentdrivet () themotors, and set, motor volta ge levels,
anud an 8032 micropr ocessor to execute low-level joint
sct-point comm an ds received from, and to pass sensor
readings to, thecont 101 software.

The control software reccives high-level task cown-
mands from the g round via the Larder and expands
them into Cartesian and joint-motion commands. Arm
joint traject or ics are computed for cacl 1 motion com-
miand and cach via point is sent to the ACHS for exce-
cution. The control softwar ¢ also monit ors the scensor
data for collision avoidance and hardwar ¢ fault det ce-
tion. An example of a high-level task cor nmanid is to
dig, a trench with a specified depth, length and starting
location. The control software expands the dig trench
comt nand received from the ground into a sequence
of Cartesian mot ion commands which a ¢ executed in
turn. This provides case of usc of the Robotic Arin
by the ground operator and conserves uplink band-
wid th. To provide maxit i flexibility, however, the
ground operator may also send both Cartesian and
joint-motion commands. A sample of some of the avail-
able task-leveland lo}v-level commands are givenin
Tables 1 and 2, respectively. The MVACS Robotic
Arm control system is depicted in Figure 2.

3 Kinematics
Since the M VA CS Robotic Arn has ouly fows de-

grees of fi cedom, com plete specification of the Cas te-
sian position and orient @ ion of the curr ent tool frame




Table 2: MVACS tobotic Arim Move Commands
Nanie Description
]'H,'lll()\’(f,('.?ll'l,(‘.ﬂi'{l]I
(x,y, 2,0 |dyel)

Move the tool to the desig-
nated position.  1f tool: RAC,
€, Y, zis the target location and
d: distance from the RAC to
thetarget . ref:world alysii te
[wor 11 relative] t oo1
1a.move_joint Move the joints the designated
number of radians or scconds.
(jt1,jt2,jt3jtd,ref) | ref = absolute | relative | time

is not possible. Oue must choose which four degrees  of
freedom out of” the six degr ces that completely spee-
ify t he position and orientation of the tool frame. For
case Of oparation by theuser, the 4-DOY represent -
tion was chosen as X = [z y 2 0] wha e[z y 2)7 is
the Cartesian position of the origin of the tool framein
the world-coo rdinate sy 'stem and € is the angle which
the tool approach vector makes with the wor ld @-y
plane (parallel to the Lander deck). Tor ¢ xample, jf
one desires to insert the STP into the ground perpen-
dicul ir t oit, one would set the t ool equal 10 the ST
and specify X == [2 y z 7/2] . Frame assigmnents
for the manipulator are given in Figure 3. Fach of
the 1001 frameap proach (2) vectors is orthogonal to
therotationaxis of t hewrist joint. so that t he desired
orientation is achi evable. One exception is the R AC
vhichisattachedio theforcarmand, 111118, 111(¢1( arc
only three dogrees of ficedom. For the R AC, the user
only specifies the desired positionof the 100 | frameand
not orientation.

‘1'1)(C MVACS 4-DOY manipulator presents aun-
u sual inverse kinematics problem. A typical method
for solving the inverse kinematics for a 6-DOI manip-
ulactor is to compute the desired location of the wrist
frame from the specified position and orientation of the
toolframeandthenuse geometric methods to SON( for
the first three joints followed by the last three joints
[2]. Yor a 4-DOF manipulator with only once orienta-
tion angle specified, theabove meth od fail S sinee one
docs not have the fullrotation matrix Of e tool frame
and can ol compute the wristframe location.

In the MVACS case, however, it is possible to solve
directly for joint 1 fromn the specified tool-frame po-
sit ion using, geomcetric techniques sinee the last three
joint axes are parallel and orthogonal to the axis o f
joint 1. One canthen soil’ (! for t he wrist position from

“,]'4 = w]'l ool - 1“]{‘447"00[ (]_)

where Wy is the wrist location, ¥ 1Ry, is the rot ation

matrix of the wrist, 111001 1S the veet or fron the wrist-
frame origin to the t ool-frame origin expr cssed in the
wi st frame, and ¥ oo 1S the desired position of the
tool in world-frame coordinates. 140 111 the forward

kinematics, we get

(&) C234 -81 Cy 89134
YRer |S| €234 €1 S18234 )
- S234 o] C234

wher (0 s;= sin(qi), ¢i = cos() qi), qi is theith
joint angle,andq2-1gz-t q4 = “"Oool - 0 o1-17/2.
Y04 oor 1S the specified tool-fiame orientation angle and
‘01 op1 1S the angle from the wrist-frame 7 axis to the
tool-frame 7 axis about the wrist-frame y axis. Now
that the wrist position is know, one can use standard
geometric techmiques to solve for remaining joint an-
gles.

Thie RAC presents @ unique inver se kinematics
problem as well since we cannot specify both its lo-
cation and oricid ation. IFur thermore, it would diflicult
for the operator to specify the location of the RAC
given that the location of the target to beimaged is
known. To make it easy on the operator when the tool
is set to RAC, Cartesian motion commands are inter-
preted as (@ y 2]7 being the location of the target to
beimaged and the fourth element, d, as the distance
fromthe RAC to thet arget. To solve the inverse kine-
matics, the following method is used:

1. Redefine the forcarmito 1)¢ the line fromn the clbow
jointto the t arget whent he R AC appr oach vector
points at the target and compute its length from
d and the arm geometry;

2. Sct ¥ g to be the target location;

3. Solve for the three joint angles using standard ge-
ometric techniques;

4. Compute ail adjustiient to gg from d and the arm
geomet 1y necessary because of step 1.

4  ITrajectory 1’lanning

The Robotic Armhas the capability to excecute both
Cartesian and joint motion cornmands. Cartesian mo-
t ion can be expressed as absolute or relative motion
inthe wor 1( | frame or as tool -frame motion. Further-
more, st raight-line or joint-interpolated motion can be
specified. Joint-space motion commands can be given
as absolute joint angles, as relative joint angles with
respect to the current joint positions, or as timed mo-
tion. Iy o1 der to prevent t he armn fi om moving too
far and pot entially damaging L.ander hardware in the



eventof loss of” communication between the ACHE and
the control software, a sequence of via points is com-
puted for any motion connn and and only after thearm
has nearly reached the carrent via point is the next via
point.sentio the AC B. Thus, trajectories are generated
as a sequen ce of points in spa ce only and not in tim c.
The one exception is the thned joint-motion connnands
inwhichithe operator can cornmand each joint to move
fora specified amount of time in which case the g ener-
a cdtrajectory is ascquence of via points in timme only
and not in spa ce.

‘1'11(C manipulator joints have high gear ratios and
jointvelocitiesare slow (onthe order of tenthsof a d(-
L1C( per seo11(2). During spatialarmmotionat least
onc joint is moving atitsiiaximun velocity. ‘T
remaining, joind velocitios are approp wiately scaled to
achieve coordinated motion. For timed joint motion s,
the ol)("later” can set the motor voltages as desired
which will determine the joint velocities.

For Cartesian  via  sequence  generation,  the
bounded- deviation joint-path yethiod in [3] IS used.
This algorithim is basically a recursive bisector method
for finding the via points. The straight-line Cartesian
position at the midpoint is comparced 1o the Cartesian
position calenlat ed at the midpoint of the correspond-
ing, joint space. If’ the error exceeds a specified amount
(sct to smaller than the reguired aceuracy), the path
i s divided into two segments and the algorithm exe-
cut ed for caclhi segment . The process continues until
the erron limit s satisfi ed.

Since we requive via sequencing for both spatial and
1 iwed joint-motion conmands as well, a similar ap-
proach is taken t o generate the via sequence. The al-
gorithim is as follows:

1, Store the carrent position as the first via poind
(for timed moves the starting via is set 1) z(w);

1 . . . . .
2. Compute the joint-mot ion midpoint;

3. If the amount of the jointmotion exceeds t he spec-
ificd limit, execute steps * 2- 4for the t w() segrients
(st art point, midpoint ) and (inidpoint, end point);

4. Ylse st ore the end point as the next via point.

The limit and t he amount of joint motion is specified
as a single metric and is represented by |g] | where g
is the joint vector in radians or scconds.

5 Control System

In addition tota sk expaunsion and trajectory gener-
ation, the Robotic At con trol software also monitors
progress of t hearmtowards its commanded via point

as wcll as joint torque and 1 .ander tilt-moment limn-
its. Compensation is a basic proportional control [4]
scheme with suflicient gain such that at le ast one joint
motor voltage is saturated so that maximum velacity
i s achicved until the arin approaches the set poind at
which t ime the arm velocity decreases. The remaining
motor voltages are scaled accordingly using the scale
factor computed from the sat ura ted joint motor (scale
factorzmax 1110101 volt age/computed voltage).

Due to the high gear ratios, it is possible for the
motors 10 exert enough tor que to exceed the specified
torque limits of the harmonic drives. During free-space
armnotion, the load o011 the joints will not exceed the
torque litnits. H owever, during digging it is possible
to exceed the limits if the motion of the end eflector is
impeded by 1ock, ice, or hard soil. Furt hermore, unider
the preceding condition in certain arm configurations,
it is also possible for the arm to exert enough fore: and
t o1que onthe 1.ander o tilt it; viz., high cnough to lift
onc or mor cfootpads off the ground. It is aritical that
joint torques be monitored to assure that damage or
tilting not occur.

The MVACS Robotic Arvm is not cquipped with a
for ce-torque seso1, but the motor cur 1 ents are sensed
so it IS possible to cstimate joint torques whenever the
motors a1 ¢ on using, t hie motor torque constant which
is nearly lincar. However, individual motors are turned
ofl to conserve energy whenever they are not needed to
exceute the spedified motion command. ¥ .g., during
diggi ng the azimuth motor (joint 1) is normally off.
It is possible, however, to comput e the full set of joint
torques f om the ot or currents of the actuated joints.

Define:

n the namber of actuated joinis
J = 4-DOY manipulator Jacobian € K1%4
J =t he columms of J associated with the
actuated joints € RIX*
fall set joint torgues € K?
- actuated joint torques € K™
= exerled endpoint foree € K2
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We can get the joint torques for the actuated joints
from the sensed motor currents. Since the arm has low
mass, high gear ratios, and moves slowly, we can safely
ignor ¢ the acecleration, Coriolis, cent ripetal, and grav-
ity dynamics as t hey r epresent only a small portion of
t he jointtorques when the limits are being approached.
The 1 elat ionship between the actuat ed joiut 1 orques
andthe force at the endpoint is [5)

F =J7y. 3)
The solutionto (3) is [6)
J=d"5 41y - J"J")e @



where J7# is a right pscudo-inverse of J , 14 1s the
x4 identity matrix, and ¢ is an clement in the null
space of J?'. Note that the arm canmot exert forces in
the null space of J7 (¢ = 0) and (4) reduces to

= d7;. 5)

Using (5), we get the full from the

actuated joint torques:

sct of joint orques

JUVf = grgr 3, (6)

The algorithm docs require a pseudo-inverse which
can be computed using a singular value decomposition
or, alternately, closed-form solutions 1o the pscudo-
inverse can be determined. There are 14 solutions cor-
responding, to the combinations of actuated joints - 4
with one joint actuated, 6 with 2 joints actuated, and
4 with 3 joints actuated. Fach solution requires the
imversion of a n X 1 matrix. There is one caveat -
singularitics nst be avoided. Otherwise, J? would
lose full-row rank and the pscudo-inverses could not
be computed.

Once the full set of joint torques is computed, the
reaction force and torque at the Lander deck can be
computed and used along with the Lander geometry
to compute the tilt moments about the lines between
the footpads. The joint torques can be compared to
the harmonic drive torque limits and the Gilt inoments
can be compared to the tilt-moment limits to assure
that damage or tilting does not. occur. If cither of the
limits are being, approached, the planned trajectory is
wodified by computing a delta to the current via point
that moves the arm in a direetion orthogonal to and
in the plane of the current divection of motion. This
has the effect of shallowing the digging trajectory. 1f
the Timits are exceeded (with allowance for a safety
margin) the arm is stopped and the situation assessad
by iimaging the scene with the SSI and evaluating the
downlinked images along with the engincering data.

6 Fault Monitoring and Collision

Avoidance

W is critical that the Robotic Avim operate safely
during, the exceution of its assigned tasks so as not o
damage itsell or any of the Lander hardware. Fach
time through the control loop, sensor data is analyzed
and an assessment made as to whether any hardware
failures have oceurred.  Available sensor data include
joint positions from both encoders pot voltages, mo-
Lo currents, joint temperatures, power supply status,
and A/D reference voltages. Potential hardware faults
include failures of the sensors, motors, power supply,

or voltage reference. The position of the joints as de-
termined from both the encoders aud pot voltages is
also assessed and if the difference exceeds a specified
liit, the arm is recalibrated. The calibration process
consists of driving the arm against the joint limits and
reloading the encoder counters. During, normal opera-
tion the encoders are used as the primary joint-position
scnsor. In the event of an encoder failure, the arm can
be commanded to use the pot voltage as the pritmary
position sensor with some degradation of positioning,
accuracy.

To prevent collisions of the arm with the Lander
hardware, all command sequences will be verified on
the ground by simulation to assure that kinematic stay
out zones are not violated. The Telegrip® robotic sys-
tem simulation tool is used to simulate the arm mo-
tion. I addition, on board collision detection algo-
rithms are exceuted both during path planning and
while the arm is in motion. The MVACS Robotic
Armn uses the obstacle detection schene developed for
the NASA Ranger Telerobotic Flight Fxperiment, [7]
adapied for the MVACS environment. This schieme is
model based and uses siinple object models and dis-
computation algoritlnns making, it suitable for
the MVACS real-time application. I the event of de-
tection of an iinminent collision, the ann is stopped
and the situation assessed by imaging the scene with
the 881 and evaluating the downlinked images.

Lanc

7 Conclusion

Design concepts of the Mars Surveyor 98 Lander
MVACS Robotic Arin Control Systemn were presented
describing some of the unique problems encountered
in this demanding space application with its tight
constraints on mass, power, volume, and computing
resources.  Novel solutions to the inverse kinemat-
ics problem, trajectory generation, damage and tilt
prevention, hardware fault monitoring, and collision
avoidance were described.
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Figure 2: MVACS Robotic Arm Controller




