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A bstract

T hispaperdescribesa W indows/C ++-basedpcenvi-
ronm entforsimulating andanim ating a PU M A 560
robotunderautom aticcontrol.T heprogram consists
offourm odules:(i)a program user-interfacem odule,
(ii) a simulation m odule, (iii) a graphics/anim ation
m odule, and(iv)an education m odule.T heprogram
userinterfacem oduleallowstheuserto interactwith
the program . Speci¯cally, thism odule perm itsthe
userto select m odelparam eters, controllaw struc-
ture, controllaw param eters, reference com m ands,
disturbances, initialconditions, integration routine,
and integration routineparam eters.T hesimulation
m odule isresponsibleforgenerating a num ericalso-
lution forthe closed loop dynam ics. T he graph-
ics/anim ation m odule updatesplotsand anim ation
on the screen using data generated by the simula-
tion m odule. T he education m odule providesthe
userwith interactive lessonsdesigned to teach fun-
dam entalsystem sand controlsconcepts. D esigned
tocom municatewith M AT L A B , itisshown how this
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environm entm ay beusedto analyzem any \whatif"
scenarios- observing system dynam icsboth graph-
ically and through anim ation, m aking the environ-
m enta very usefultoolforteaching controlsystem
design concepts.

1 Introduction

T herecentrevolution inpersonalcom putinghasseen
com putingpowersoarwhilepriceshavedropped.A s
a result, powerfulpc'sarenow com m only available.
G iven this, itisnow possibletoexploitthenew tech-
nology tosigni¯cantly enhancetheway in which sys-
tem sandcontrolseducation isdelivered.B ecauseof
today'scomputing power[8], forexample, com plex
simulations- not long ago considered form idable -
can now beeasily performed.R ecenttrendsin com -
puterspeedhavealsom adefastanim ation ofdynam -
icalsystem sa possibility [4]. In short, today'spc
technology now perm itsthedevelopm entofnew in-
teractivegraphicalvisualization environm entswhich
couldrevolutionizetheteaching ofsystem sandcon-
trols.T hisopportunity, hasperm ittedtheauthorsto
developsuchenvironm ents[6], [7], [16], [22], [23], [24],
[25].T hispaperdescribesthedevelopm entofan in-
teractiverobotm anipulatorenvironm ent.Itisshown
how m any fundam entalsystem andcontrolconcepts
m ay be readily observed and understood with such
an environm ent.
T he rem ainderofthispaperisorganized asfol-

lows.Section2discussesthem athem aticalm odelde-
scribingthePU M A 560system .In Section3,features
withintherobotarm environm entaredescribed.Sec-



tion 4then dem onstratesthe utility ofthe environ-
m entasan educationaltool.F inally, Section 5sum -
m arizesthepaperandpresentsdirectionsforfuture
research.

2 System D escription:M odels

T he robotarm environm entperm itsthe study ofa
U nim atePU M A 560robot.T hem athem aticalm od-
elsusedto describethissystem arenow discussed.

PU M A 560R obot:N onlinear M odel.In this
work, a 12th ordernonlineardynam icalm odel, relat-
ing six joint anglesto six joint torques, isused to
describe the m otion ofthePU M A 560.L agrangian
techniqueswereusedtoderivethem odel[28].W hile
thism odelisappropriateforsimulation, itistoocom -
plexforanalysis,design, andtheintroductionofbasic
system sandcontrolsconcepts.

Single Free Joint:N onlinearM odel.G iven the
above, we decided to focuson a simpli¯ed PU M A
560con¯guration in which alljoints, but one, are
assum edtobelocked.T hissim pli¯esthesystem dy-
nam icsconsiderably.T heresulting dynam icalm odel
m aybedescribedbythefollowing2nd ordernonlinear
ordinary di®erentialequation:

J Äµ+B_µ¡ mglsinµ= ¿+ ¿o (1)

whereµdenotestheanglewhich thefreejointm akes
with respectto theverticaland ism easuredin radi-
ans, ¿o denotesan applied equilibrium joint torque
andism easuredin N ewton-m eters, ¿denotesan ap-
plied joint torque deviation with respect to ¿o and
ism easured in N ewton-m eters, J denotesthe e®ec-
tive m om entofinertia and ism easuredin kilogram -
m eters2,Bdenotesthe e®ective jointfriction and is
m easuredin kilogram -m eters2persecond, m denotes
thee®ectivem assoftherotatingelem entsandism ea-
suredinkilogram s,ldenotesthedistancebetweenthe
e®ectivecenterofm assandthe axisofrotation and
ism easuredin m eters, andgdenotestheacceleration
dueto gravity m easuredin m eterspersecond2.
W hilethism odeldoesnotcapturem otordynam -

icsorlink °exing, it isappropriate to illustrate fun-
dam entalcontrolsystem design concepts.O finterest
here ism aintaining thefreejointangularorientation
given a desiredangleoranglecom m and.G iven this,
it followsthat the joint angle isa criticalvariable.

T he end-e®ectorposition isanotherim portantvari-
able.

Single Free Joint:L inear M odel.W hen Equa-
tion 1islinearizedabouttheequilibrium point(µ=
0;¿= ¡¿o), oneobtainsthefollowing2nd orderlinear
ordinary di®erentialequation:

J Äµ+B_µ¡ mglµ= ¿ (2)

O ther, m ore complex, robotarm con¯gurationsand
m odelswillbeconsideredin thefuture(e.g.two link
robot arm ). It shouldbe noted that the simulator
describedcontainsa fullsix degree offreedom non-
linearm odel, a nonlinearslidingm odecontroller, and
a trajectory generator[5], [26], [28].T hese however
arebeyondthescopeofthispaper.

3 D escription ofEnvironm ent

T he robot arm environm ent is written in
W indows/C ++ [1], [3], [10], [12], [20], [29]. Itcon-
sistsoffourm odules:

² a program userinterface(PU I)m odule,

² a sim ulation m odule,

² a graphics/anim ation m odule, and

² an education m odule.

T heenvironm entwasdividedinto m odulesto facili-
tate updatesandenhancem entscreatedby di®erent
program m ers.

Program U serInterface M odule.T hePU I pro-
videsan interfacebetween a userandtherobotarm
environm ent program. W ritten in W indows/C ++,
theenvironm entprovidespull-down m enuswhich al-
low theuserto m odify criticalsystem param etersin
real-tim e. T hese param etersinclude, forexample,
m assproperties, m om entsofinertias, joint friction,
etc.T heuserm ay also selectam ongstdi®erentcon-
trollaws(e.g.PID , statefeedback, slidingm ode, and
L Q R /L Q G ).Initialconditions, referencecom m ands,
disturbances, and integration routines(e.g.Euler,
R unge-K utta, etc.)m aybeselectedbytheuserfrom
a m enu. O therm enu optionsfordata storage and
plotting exist. D ata storage routinesautom atically
form at saved sim ulation data foruse within other
environm ent m odulesaswellasexternalprogram s



(e.g.M athW ork'sM AT L A B and M icrosoft'sExcel).
U ser-selectedvariablessavedfrom an earliersimula-
tion m ay beplottedagainstcurrentsim ulation data.
M ultim edia lessons, which the use audio and video
willbeaccessiblethrough thePU I.

Simulation M odule.T hem ainpurposeofthesim -
ulation m oduleisto accuratelysolvetheappropriate
set ofordinary di®erentialequations. T he simula-
tion m odulecontainsroutinesrequiredbythetrajec-
torygenerator,di®erentrobotcon¯gurations,control
laws, integration m ethods, anddata storageroutines.
T herobotarm environm ent'sm odels, trajectorygen-
erator, num erical integration, and controllaw rou-
tinesare includedin thism odule.

G raphics/A nim ation M odule.T hem ainpurpose
ofthegraphicsmoduleistousedata providedbythe
simulation m oduletoupdategraphics(i.e.plots)and
anim ationson the screen. D ata and plotsare dis-
playedwithin childwindows[11], [19].A nim ation is
createdusingoneoftwom ethods:polyhedralapprox-
im ationsofrobotlinksorhigh qualitybitm apsofthe
robot.

² PolyhedralA pproxim ation. T he polyhedralap-
proxim ationsforrobot linksare created using
m odi¯ed techniquesand routinesfrom a C ++
anim ation toolkit [3]. Polyhedralsare used to
representeach link oftherobotin an anim ation
ofsimulation data from the12th ordernonlinear
m odelorasrequiredby theeducation m odule's
lessons.

² B itm aps. H igh quality bitm aps are created
with C orel's C orelD R AW and C orelPH O T O -
PA IN T 1.B itm apsare used foranim ationsof
simulation data from sim pli¯edrobotcon¯gura-
tions.T herefore, bitm apsareprim arily usedfor
theeducation m odule'slessons.

Education M odule. The education m odule con-
tainsroutineswhich implem entinteractivemultim e-
dia lessons.T he lessonsuse text, audio, video, and
anim ation to convey concepts. U sersanswerques-
tionsvia interactive m enus. C orrect answers are
supported with a multim edia explantion - includ-

1C orelD raw and C orelPH O T O -PA IN T are tradem arksof
C orelC orp.C orelD raw isa generalpurposedraw ing/graphics
m anipulation utility. C orelPH O T O -PA IN T isa generalpur-
pose im age processing utility.

ing \supportive audio." Incorrect answersare fol-
lowed up by hints, partialexplanations, and addi-
tionalchances.

4 EducationalU tility

T heutility oftheenvironm entasan educationaltool
isnow dem onstrated. Severalexam plesofthe sin-
gle robot link system willbe presented.A dditional
exampleswillbepresentedatthe1997IC SEE.
T he m odelparam etersJ , B, and lwere found

by solving a linearleastsquaresproblem using sim -
ulation data obtained from the 12th ordernonlin-
earPU M A m odel. T he m odelparam etersusedfor
the single link robot system were:m = 27:29 kg,
J = 1:9852kg¡ m2,B= 2:0267kg¡msec , l= 0:0293m ,
andg= 9:8 m

sec2.T hecontrollerusedwasasfollows:

¿= K 1e (3)

e= r¡ K 2µ (4)

K 1(s)= k1 [
s+ a
s

] (5)

K 2(s)= k2(s+b)[
100

s+ 100
] (6)

wherek1= 9:9260, k2= 1:1082,

a =
B
2J
+

r
B2

4J2
+

mgl
J
= 2:5617; (7)

andb= 0:9024wereusedasdesign param eters.The
poleats= ¡100in K 2wasintroducedonly tom ake
K 2proper.
W ith a secondorderplantand\essentially" a ¯rst

ordercom pensation schem e, three dom inant closed
loop polesresult. T he design param eterswere se-
lectedsuch thatthedom inantclosedlooppoleswere
at

s= ¡2§ j1;¡2:5617: (8)

H ere, the lastroot isa pole ofthe plant linearized
abouttheequilibrium point(µ= 0;¿= ¡¿o).Select-
ing thezero ofK 1 to bes= ¡a = ¡2:5617¯xesone
oftheclosedlooppolesats= ¡2:5617.



F igure1:Single L ink R obotC om m andFollowing (r= 25;50;75;100degrees)



F igure2:Single L ink R obotC om m andFollowing (r= 50degrees)

F igure3:Single L ink R obotC om m andFollowing (r= 175degrees)



G iven this, one then obtainsthe following design
equation fortheothercom pensatorparam eters:

s2+ [
k1k2
J

+
B
2J

¡
q

B2

4J2
+

m gl
J
]s+

k1k2b
J

= s2+ 4s+ 5 (9)

F igure1showsa screen dum poftheenvironm ent
fordi®erentreferencecom m ands:r= 25;50;75;100
degrees. B oth linearand nonlinearplotsare given
forµ, x, y, and¿. T he plotsshow that the linear
andnonlinearm odelsagreequitewellforthesm aller
referencecom m ands.A sthereferencecom m andsget
larger, them aximum errorbetweenthenonlinearand
linearm odelsforthe jointanglesapproaches10de-
grees. T he end-e®ectorcoordinatesx and y each
approach a m aximum errorofapproxim ately 8cen-
tim etersbetween the m odels. T he m aximum error
between the nonlinearandlinearjointtorque isap-
proxim ately 5N ewton-m eters.T hiserroriscaused
by thesm allangleapproxim ation (sinµ¼ µ)usedin
deriving thelinearm odel.B ecauseofthis, thelinear
m odeldoesn'tshow thereducedtorquerequirem ent
tokeepthearm atµ¼ 180degrees(i.e.alm ostdown-
ward).
F igure2showsa screen dum poftheenvironm ent

fora reference com m and ofr = 50degrees. B oth
linearandnonlinearplotsare given forµ, x, y, and
¿.T helineardata closelyapproxim atesthenonlinear
data in theµ,x, y, and¿plotsforther= 50degrees
referencecom m and.

F igure3showsa screen dum poftheenvironm ent
fora reference com m andofr= 175degrees. O nce
again, both linearandnonlinearplotsare given for
µ, x, y, and¿plots.T he errorbetween the m odels
im provesforeach µ, x, andyplotsastim e increases
andthesteadystatevaluesareapproached.H owever,
the errorbetween them odelsin the¿plotdoesnot
im prove.T hiserroristhe resultofthe sm allangle
assum ption m ade in deriving thelinearm odel.

5 Sum m ary and D irections
T he single robotic m anipulator environm ent de-
scribed in thispaperprovidesa °exible educational
tool for teaching control system design concepts.
C urrently, m ore com plex m odelsand control laws
(e.g.m otors, saturations, anti-windup, etc.) arebe-
ing im plem ented. JAV A (http://java.sun.com) and
V R M L im plem entations are also being developed
[14], [15]. Future work willfocuson the continued
developmentoflessonsforthe single link robotand
developmentofthedoublelink robotwith appropri-
ate interactive lessons.T he goalisto obtain an in-
teractivemultim edia environm entwhich can beused
to buildopen-endedproblem solving skillswhile en-
couraging exploration andselfdiscovery.
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