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Abstract

This paper describes the archilecture and perforunnc «f
a PC-based coutroller for 7-DOF dexterous nmiaryaplit s

The computing platformn is a 486-based personal corngito
equipped with a bus extender 1o access the 10bot Mullilus
controller, together with a single board corputer o< the
graphical engine, and with a parallel 1/0 bouid 1o aictes

face with a force-torque sensor mounted ou {he wen i

lator wrist, The Windows™ enviromment is calaence by
the iRMX®real-time operating system that 1uus e e

tion control algorithms for redundancy resolution and f ¢
control. The position conirol elgorithm is cocculed ¢y
2.5ms and is based on the Configuration Control ke e,
motions can be simulated and displayed 1 vl dinne by the
graphical engine on a separate monitor., The resulls of ~ev.
cral experiments carried oul with-a Robolics Reseorch vic-
nipulator have shown position and force control capalilfies
comparable to those oblained with more exlensine comiul
ing sysiems, thus validating the use of PC’s for devfe cas
maenipulaior conirol.

1 Introduction

InOctober 1993, the National AecronauticsandSyue
Administration (NASA) initiated a program of Tich:
nology Coop cration Agrecments (TCA ) ainied @1
transferring some of the technologies develope ¢t
NASA centerstoindustrial partners. Thelet1h oou
sion Laboratory (J] '1,) developed a T'CA wit hithe
Robotics Research Corporation (RRCj1{ O t 1.1
some of itsrobotics technology int o RRCuew hine of
commercial Ploducts [7].

RRC is the leading manufacturer of dexteronsing
nipulators and has recently enhanced its producl hne
hy intt oducing a new ranipulator withimnproved:n
chanical design and with servo contiolle | €jeciy
embedded into the arin 51 In particular, thicnew
design removes all joint servo loops front hes
tem computer, thus freeing computing resourcer hat
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can bie U sed to support an epen control architecture
and & graphical optr ator int €1 face. J'], has a long
track 1ecord of R&1) in the areas of dexterous ma-
nipulator contyol and operator interfaces. Since 1986,
resca chersat J]' 1} ,ve developed a novel control
schemne for dexter ons manipulators, called Configura-
tion Control [12-15], andthisinethod has been used
in many laboratorics RRC arm control. Further-
more graphical operat or interfaces have beenan arm
Of activerescarchat JP1 for a decade [4]. In par-
ticule 1.praphicalinter faces havebeen developed for
commmand entry and data display [9], time delay com-
peusation {1, and ili[’,h-fidelity calibiation 6].

Th i paper presents the 1esults of the TCA task
between J]'], snd RRC where a PC-based system is
developedwhichiitepr a es a controller for dexterous
maunipulators with a praphical simulation of the arm.
The pet formance of this controller has been demon-
st ated in several position and contact experiments,
andmatchesthe parforMance of More powerful, multi-
processor, VMY hased controllers.

The paper is 01 panized as follows. In Section 2,
wep esentthe hatdwareused for the system, followed
by the descriptionof the software architecturein Sec-
t ion 3. 1u Section 4. we summarize the control algo-
rithm, and present the main {features of the graphical
interface. Plots of position control experiments with a
RRC a1 m are prescuted in Scection 6. Finally, in Sec-
tion 7 we draw soi ne conclusions from this work and
discvss the directions of future research aud develop-
ment.

2 1 lardware Description

Inthicsection,wedescribe ¢ he hard ware Of the PPC-
based system desipned to support the TCA task be-
t ween )1'], and RRC. The complete system consists
of a 1 iobotics Rescanch Corporation’s model K1207
7-DOY arto/control unit, a 48 G6-based personal com-




Figure 1. The PC-based system

puter with two monitors, and an Assurance Techuo
ogy Inc. (ATI]) 6-axis Force-Torque (F1') sensor we
shown in Figure 1. The RRC manipulator used hthie
task is equipped with a Multibus-based servo coronl
unit located in a separate cabinet. Therefore, the I'C
is connectled to the Multibus via a shared memory e
terface using a two-card ’C-to-Multibus bus extendo
from the BIT3 Corporation. This adapter allovs &
high speed bi-directional shared memory interface e
tween the two buses by mapping the memaory locations
used by the Multibus directly into the mwemory space
of the ’C.

The workstation is equipped with a A4RGDHXY
66 M1z Iutel microprocessor, 11 MBytes of RAM,
and serial and parallel input/output ports for <t
exchange with the FT sensor and the giaplical pio
cessor.  The unusual choice of memory space
trade-off between the memory space addressabl Ty
the bus extender and the I-MB minimum RAN 1
crement allowed by the I’C hardware. Turthon-ore,
because of the limitations imposed by the CPU s e
and by the real-time software, we decidged to imnple
ment the graphical part of the operator inteifac oy
a separate single-board computer displayiug, the ti

[

ulation on a dedicated color monitor. T'he luter ngic
486 DX4 100 MHz Single Board Computer (SBC) i
chosen to allow the installation of the graphica) s
cessor in the controller at a later time. The SBO is
coufigured with 16 MB of RAM and 1 MB of
video memory., The communication between the 1C
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ure 2: Schensatic layoutl of the PC controller.

controller and the SBC is carried out via a RS232 se-
rial port. The system layout is shown schematically

in Figwe 2.

3 Software Description

Because of RRC's larpe investment in P1L/M software
developed for its cutrent product line, it was decided
to adoptthe lnte iRMX® operating system, since
it supports PL /M. The i RMX ®isa real-time multi-
tasking envitonment, where WindowsT™ and 1)0S can
execate as independent tasks. The iRMX® memory
manapementequires the CPPU in protected mode and
therefore Windows ¥ can only run in standerd mode,
with aved ucedmemory space and limited display ca-
pabilities. ‘3 'hus t 1 ¢ need for aseparate graphical pro-
cessor, since high quality display requites Windows
operating inenhanced mode.

This limitation, t opether with RRC’splan to
rewt it cthelr soft ware in €, conviuced us to use only
few features of IRMX ® and develop a software ar-
chitecture that can casiy - be ported to a diflerent
real-time enviromment.  Therefore, we use the pro-
grammuable intervil-counter of the ’C CMOS mem-
ory chip as the real-timne clock of the control loop.
Thic timer produs es a hardware interrupt that dots
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Figure 3: Diagram of the software timing,

not interfere with the I’C clock, nor does it incin
iIRMX® overh cad. Ar 1 interval of 125 J6is choger t
ensure a goodstability within the 2.5 s positioncin
trol cycle anda prompt acquisition of the F1 dat |
The controller software consists of thefolioving
tasks:
(2) The main task handles housckeeping functions ui
the message dispatching to the other tasks
{i7) The operator inderface task handles theconnnani
mel jus and disp lays the trajectory paramcters. Tho
task is data driven, being activated by the pouiio
data generated at the end of a trajectory. The 01
ator is presented with a series of menus, one for (s
control mode of the rabot: joint or Catt esian posit ton
control, force o1compliance control. Furthermaone, the
operator can choose Lo record position, orientation o
FT data.
(717) The control task performs the trajectory ge .
ation and kinematic computations, and is sctivited
directly by the hardware interrupt. This t ask tixe
approximately 2 s to complete, faster t nant hanny-
imumyate Of 400 Hzal which the servo contiollerod
themanipulator can accept new set-]joi]ltx Theis)
performs all the necessary hardware handshuakes vith
the servo controllers and dots a final check 011 the s
tion and velocity set-l )oillt,s hefore sending therio b
servo controllers. Se nsoracquisitionsalsoayint  of
the control task, since FT measurements nsthes )
chronized with the cont1 01 algorithm. Fayery 1 000«
the position and velocity of the armn, and the }i-al
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ues, are saved intomictnory, At theend of the motion,
these data are storedinan ASCII file for later display.

The interaction among the three tasks is schemati-
cally 1epreseuted in Pigure 3. The tasks arc mutually
excusive, exceptforthe T acquisition, which is al-
ways a¢ Live, Firure 3 shows also the timing of the
co ntrol functions. Thei eal-t imc clock runs continu-
ovslyat al 25 psinterval, andincrements the counters
for the 2.5 s control alporithm and the 100ms data
recording. In Figure 3, the execution flow of the pro-
gramis shiown by he arrows linking the various tasks
andfunctions, andi1epresenting causal relations. The
contioller softwarestarts wit hthe main task (), fol-
lowed by the operator command entry (b) and by the
message dispatch (¢ . A new motion is then started
in the following 2.haus interval (d) by the control task
(c), thatdecodesthe conmand message, computes the
patamncters for the trajectory interpolation, and starts
the datii recording (f). The FT' acquisition (g) is al-
ways active and start s ever y two control cycles. The
recording functionis spread over several 2.5ms inter-
vals to avoid mmterfening with the trajectory genera-
tion. Ju the following 2.5 ans interval (h), the conirol
task computes the joint set-points (i), continues the
P zcquisition (!).and continues the data recording
(1r¢ ). At the endof the miotion, the operator task dis-
plays t he co rentposition of the arm, and the trajec-
tory data arc copicdio disk.

‘J he Y sensoprocessor acquires the eight strain-
gavpe values in appl oximat ely 2 ms, and transmits
themito the PC atarate of 250 us. The acquisi-
tion/transmission (yele thus provides new }FI' data
every two cycles of the control algorithm.

The control tashimplanents the Configuration
Controlapproach formotion control of dexterous ma-
nipnlat ors. The oper at o1 interface includes a graphi-
cal simulation of t] ¢« RRCinanipulator, thus enabling
off-line wotion display and verification. These aspects
are discussed in thenext two sections.

4 Arm Control System

Advanced contr 0] of manipulators has always been an
active a1 ea of 1 esean ¢hat JPL. In particular, JPL
has developed aclass of motion control algorithms
for redundant manipulators called Configuration Con-
trol (CC) [2, 12-15), where the user can specify task-
dependent constraints for the motion that utilize the
robot 1edundancy and allow eflicient end-cftector tra-
ject @y contr ol Thisapproach was implemented origi-
nally for RRCinanipulators controlled by VME-based
multi processors 10}, andthe resulting algorithms



Figure 4: Definition of the arm angle ¢,

were extensively tested in several tasks

4.1 Configuration Control

Configuration Control allows specification of a id
tional tasks for redundancy resolution.Jnthisinl:
mentation, we have chosen tile seventh tasktobeihe
control of thearmangle for elbow placemcnt. ‘1 b
angle ¢ 15 defined as the angle betweey thearnpine
OEW and the vertical plane ODW passiug thicng |
theline OW, where 0, K and W refer to the azigin of
the shoulder, elbow and wrist frames, respec Hvely 8]
as shown in Figure 4.

The major elements of the CCapproacl are:t)
generation of the end-effector and arm angled et o
ries, the computation of the forward kinenatics atd
augment ed Jacobian, and the computation of theis
verse kinematics.

The trajectory gencrator produces st oot fieortin
uous cycloidal functionsto make thetiznsitionfom
the initial value to the final value in thespecificdt e

The compulations of the forward kinematics sud
augmented Jacob jan of the 7-DOF manipulatorutliz
Craig’s interpretation of Denavit- Bartenberg (1)
parameters for frame assignment [3, 8]. Thusriehod
provides direct computationof the mampulatordaco
bian in the world frame of the robot. The (OWpulijoy,
of the inverse kinematics isimple mentedby adanmed
least-squares wmethod [16, 11, 14], whichiradeslatee
joint velocities against large task-space ety e
result ant computation of the joint veloc it ier hue t e
following form [14]:

b= [JTWoT 4+ W) ITW, [Xa-l Jflf'[ ()

Gag 0

where Wyand W, arethe t‘?i“k-spacc error weights and
joint vdlocity damping weights, B = Xa - X and K
1s a diagonal matiix with positive elements. Cholesky
decorposition is used to find Oa. It can be seen that
asthe Jacobian becomes singular, the velocity weight
dominates inthe inverse matiix term in (1), reducing
the commanded joint velocities. The reduced joint
velocities; inturn, act t o retard the arm from reaching
thesig ularconfignyation.

Durningthetiajoctory execution, the control task
sends the measured jointangles to the graphical pro-
cessor.  This ensuresthat the user views the actual
atm configuration, Thecontioltask computes also the
join t anples for t hetrajectory simulation, by sending
the joint sel-points to the graphical engine only. The
implanentation of the simulation mode in the control
task assures thatt be siimulation will effectively dupli-
catetherealtiaject oy since the same code is executed
inho t} cases.

4.2 Contact Conirol

The contact conty 01 schemes operate in the user-
defined too] frame wherethe task is defined and ex-
ecated The dynanicinodeling and  stability analysis
of t he proposed position-based contact control systems
are studiedin [13].

4.2.1  Compliance Control

A oanipulator under Cartesian position control in
contiact with a 1eadtion surface can be adequately de-
scribed incachCar tesian direction of contact by the
second-ord ert1an sfer-function [13)
F{s) cke @
X, (<) B :q? -4 as+4b
whare kg is the surface stifiuess, [a, b, ¢] are the ma-
nipulat or constants, andthe origin of the frame-of-
reference is the point of contact between the end-
eficcror and the reaction snrface with the x-axis in
the dnection of t heapplied force.

Thebasic concept of the compliance control system
ist o usc forcefeedbackinorder toreduce the forward
gain or stiffuess by @ F :" in the end-effector /reaction
suifaceinteraction. This willthen allow the reference
position X, to bensedas a command input to control
the contact force f asthe output. Under compliance
cont ol the refere nee triectory is used differently for
the two calegorios of tasks: as the desired motion tra-
jectory in unconstrained tasks, and as the input com-
mandto contiolthe contact force inconstrained tasks.
This s in contrastto force control schemes in which a

7O



force setpoint is used to explicitly command the con-
tact force.

The compliance controller used in this paper con
sists of the first-order lag Ly /(7s 4 1) in paralle] with
the feed-forward gain ko, where [ky, ko, 7) are conetant
parameters.  This yields the compensator tiar Jfo-
function

. iy as- i 3
Hls)= gt ke = ooy )
where o == 7k and 3 = k; 4 ko.

Now, the steady-state relationship between the ref
crence position X, and the contact force ' is obtmmed
as: ‘
ok X . 1 X

kil p

1

P

o o T y = ? = ku r»‘\'r IH
b- ckef3 !

It is seen that under compliance control, the 1eaciion
surface appears as a spring with the apparent stff e
Kap = [k}l 4+ B]7 Y. This is the equivalent stiflues: of
the series combinationof the two springs Lyanii

representing the stiflnesses of the open-loop syvs e
and the compliance controller, respectively.

4.2 .2 Force Control

In contrast to compliance control which i+ au <, f
force control scheme, for ce control is an erplicitachen
in which the force setpoint F is use dastheron
mand input to controlthe contact, force J''hdcc,
controller K (s) now uses the force error inforiiton
e=F_J,to generate the necessary contiOl actiinse
that the contact force }' tracks the force setpoint’
The force controller used in this systemni h
proportional-plus-integral (1'1) controller:

1
X () = ky oft) + ks / e(t)dt b
10

where k,, and ki are the const ant proporticnal andim
t egral force fecdback gains, respectively, and X ;osthic
position perturbation produced by the force controll:
as shown in Figure 5.

The contact force tracks the force setpointar -
rately with zero steady-stale error. Fuithermorc fue
8¥st em 1s robust to parameter variations so that t he
steady-state setpoiut tracking and dist wibancer i
tion characteris tics are preserved, provided t liat t e
closed-lo0~) systemremainsstable.

5 Opecrator Interface

The manipulator control interface enables the user o
specify the command and control modes of operation,

X,
F : 3 o
! It € torce 4X' X° position X
Tt ceniem Y} > conolied [
. / robot
. I'X, Env
: iron
comphamce ment

[ controller

Figure by Block diapram of the contact control scheme.

set ( ontrolsystermparaneters, and display the manip-
ulat o1 status,

5.1 Command Interface

The aser first selects the command mode by entering
the appropriate connmand. The following chioices are
availe.ble:

(?°) JontControl Mode: Commmandsare issued to the
seven Joint angles of thearn,

(11 ) Cartesian- World Control Mode: Commands arc
expressed relative to o fixed user- defined frame of ref-
erence (the w orldfiame).

(722) Cartesion-World e lative Control Mode: Motion
cotnmands are expressed relative to coordinat e frame
of the hand.

{iv) Japlicit Force Coutrol Mode: Force commands arc
expressedielitiveto tlie coordinate frame fixed to the
manipula tor hand.

(v) Jmplicit Foree (Compliance) Conirol Mode: Com-
phance controller purameters are specified which set
the appurentstifinessk,,, of t he hand.

The varions commmnand modes provide considerable
flexibility for operating th e robotic arm. The control
m ode can bechangedon-line by the user at the end
of eaclumot o,

Datarecorded duning the motion is stored and can
be displayed in a w indow on the operator interface
monitor of the PC controller.

5.2 Graphical  Simulation

Full three-dimensional graphical display of the robot
i+ an indispensable t ool for system development and
operation. Developers henefit from kinema tic testing
«n a graphical shoulationby saving time, resources



" Robotics Rescorct K1207i Anlmation

Figure G: Graphicsimulation of the RRCiauipniar o

and potential damage to the rear robot
can accurately preview andtest motiontrajectonis

The use of the SBC as a graphical processoniae
the choice of the graphic package independent f on
the operating system used in the contiolley. S o
nruch of JPL 3-D animation of the RRC anipulators
dave been developed using IIRIS-GL on Siticon Giepls
ics computers, it was decided to develop the sinmli
tion using the emerging graphics standat d Open )
compatible with JRIS-G1,, and to use Windows N1 1 ¥
as the operating system of the SBC, since it suppon 1.
OpenGl..

Figure 6 is a screendump of the graphical display,
and shows the solid model of theari, withbhicicn
surface removal, shading, surface reflectiveproperiic,
and user-dcflliccl lighting conditions. Theuse carse
lect the orientation aud distance o f the viewp ointand
switch between drawing modes, by using pull- down
menus, and by chi ck-and-drag with the mouscoverth
simulation display.

The anuimation currently runs at b Mz rate, and 15
driven by tile the seven values of the manipulator iniut
angles, sent by the Controller via the RS2327 connm.
nication link.

6 Expcrimental Results

In this section, we present the results of ox i
ments in positjon control of the dexterous nn ipu-
lator, aimed at demonstrating the quality of the por-
formance achievable with a PC-based controlle:.

I n these experiments, the arm is opaate 1in
Cartesian-world control m ode using the cycloidal tra

Operators

fi
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Nesoured Posstion -
Position set Polnt -

e

Figure i’ Plot of a position control experiment.

..........

Figure 8 Plot of the trajectory on the XY plane.

jectory generator. Auexatuple Of m ot ion is sh own
in Figure 7, wheare the a1 m moved200mimin the
X and Y ditections, and 1007 pm i n the 7 direc-
tion. The initial position wae (2 = 70 4.12 mm, y =
60 1. 8Gmm, z 1 - 223.34man), the initial orientation
was {701l =179.60%, piteh =0.84°, yaw = — 139.130),
and the initialannaugle wygp= --0.23°. The arm
reache dthetermina 1 position(z= 504 .0 8mm, y =
801 .88 mm, 2 - 123.31 ), with orientation
(roll = 179.60°, pitch = 0.85 °, yaw = ~139.13°), and
anm anple ¢ = . 0. 23 The projection of the trajec-
tory on the XY plarie is shown in Figure 8. The maxi-
munerror 1sComparable with other motions with the
anmn starting, at different postures,

These results are siinjlarto those obtained with the
satne manipulator contiolled by a VME system [10)
and te RRC's owiananufacturing specificat jons, thus
indicating no petforinance degradation due to the use
of a I'C-based contyoller.

T987 1



7 Conc usions

A PC-based controlier for 7-DOTF manipulatars i
seribed in this paper. The manipulator is well voited
for tasks thai demand dexterous positionng ol 1

end-effector, and the controller fully exploits the @i

capabilities hy controlling the cnd-effector Tt
and the arm posture simultancously. This vepre ends
a general-purpose manipulator system thal poss

generic capabilities nsable in many different &y
tion

The proposed system responds Lo the nec
robotic commnunity for a PC-based high perloniear oo
controller for dexterous manipulators tha
port. an open architecture for integrating
different. control algorithing, and includes o
graphical simulation for test and verification ot

th Sl

ijon trajectories. .
The experiinents carried outl at JPT. Lave s o

that a simple PC-based controller is able 1o
dle successfully 1the control of a complex dexl vois

arm. Turthermore. the implementation of the o
troller software has shown thal robot contiol car tebe
; bse
of P’C-based computers, that many functions. =v b«
operator interfaces and data display, con now 1 d
sipned and implemented rapidly, mexpensively ol
with no systemn performance degradation.

a significant advantage from the large softwa

In the future, we plan to continue furthier des I p

ment of this controlier, in particular in the w

praphical user interface, and real-time arclatestoe
The poals of 1his development are to clinin
textual input o the controller, and 1o make o hetior
use of the interrupt capabilities of the PO o acliew

any

a higher level of task parallclism.
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