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I . Methods for dynamic control of manipulating robots —basic problems
andapproaches for thelr decision.

Themain problemarisingwith the control of themanipulating robot based on the dynamic
model isthe level which is necessary to keepwirth render ing in account the dynamics of the
systemwhenthe cortrol law isbeing chosen.

The dynamicmodel of the manipulating robot has the form

o A@,dDq" +h(@@,dD=u,

@ A@,dq” +b(@.q,dD=u,

where A(Q(D), d(®) e R™" Is asymetricpositively determinated generalized inertia
matrix; h(g, (0, (), d())<R—avector of the coriolis and centrifugal forces;
g(@(®, d(®) e R—avectoraf the potential forces; u(t) € R'— avectorof thedriving forces
ortorques; d(t) — avector of the mechanic systemparaneters.

Inthe general case the dynamicmodel (1) leads tovery complexnonlinear system
of differential equations. That makes the problemof forming the dynamic model of
manipulating robot in real time alsovery corplexand hence thereare lotsof efforts to
simplify thismodel . Some parts inthe equatiions coming fromthe dynamicmodel have to
beneglected inorder to reduce the calaulations for thecorrol law inreal tine. Frequently
itisdomeforthecatrifugal andcorioliscomponents b(q,q ,d)—theyare inessential during
themanipullating robotmotion inthe neighbourhood of the aiming state,, because the ve-
locityofthemechanical system’sparts isvery littlethen. But duringthenctionwhichneeds
tracingout ontrajectorieswithhigh precisionand\elocity, these parts that depend of the
velocities have tobe compensated. Therefore, for follovingoutof trajectorieswithgiven
necessary precisionandvelocity, thewhole dynamicmodel of themanipulating robotmust
be usedwith correspondingpossibi ity of doing that, when the control law issynthesized.
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Asurvey of existing methods of dynamic control isgiven in [2,3] - Between the
examined methods of non-adaptive control the method of calculating moment
[6,7,8,9,10,11,12] isespecial ly popullar. Ithasbecare abase fordevelopment of lotsof
other algorithmsandmethods of dynamic control , includingmethods for adaptive control
of mani pulating robots. Themain problem in using the method of calculatingmoment is
the necessity of calculation of thewhole dynamicmodel at every interval of the time
discretization. Thisregquirement canbe real izedvery hard for manipulating robotswith
conplexstructure of itsmechaniical system. Because of that there exist some gpproaches
using aapproximate model of the rabot”s dynamics .. The moments of inertia that express
the interactionbetween the parts of the mechanical systemby the inertiamatrix A(Q,d)
are being negllected. The same is done for the centrifugal andcoriolisforces, i.e. the
dynamicmodel is reduced to the level of thediagonal matrix A and the vector of potential
forcesg(q,d) only. Inthiscase the calculationsare considerablydecreased but for some
kindsof menipulating robotsarestill so large. Honever, suchanapproach iscorrectwith
respect to thecontrol gual ity only for slovmotions of the robot close to theaimingposition.
For fastworkingout on the trajectories it isnecessary tocompensate the certrifugal and
coriolisdynamiceffects. Canpensation of thewhole dynamics of the robot can be done by
introducinga forece feed-back connection. The forcesor torgues acting at thekinematic
Jointsofthe robotcanbemeasureddirectly [2] - The inertiamatrixA(Q,d) iscalculated
during theprocessofcontrol . After thatt, as theaoccelerationg ™ () isbeingmeasured, onthe
base of equation (2) there canbe compensated thegravitational , coriolisand centrifugal
forces b(Q,] ,d) - To realize this idea, however, the force sensor noise-proofhastobe
guaranteed. Also sone constructional hardshipsarise and they inflluence the priceof the
sensor systemthat hasbeen always kept inwind. Consequertly, the use of programming
microprooessorcotrol lers thatgive apossibi lity toreal izedifferent lans of control, hes
some advances incanpar isonwirth the foree feed-back connectiion for conpensattionof the
robotdynamics.

Side by sidewith themain hardship- the calculationof the rabot dynamicmodel in
real time, another problem exists for non-adaptive methods of dynamic control —the
camplete vector d of the mechanic system parameters has to be known. But when these
parameters are unknown or changeable during the robot functioning, it isproblematic
whether the control inflluence (sythesized foraset of pararetersd)will besufficiently
effective (rdoust) foral | thedragesof theseparaneters. Moreover, thereexistothereffects,
that cannot be calculated because of their prababi ity nature— noise of measurements,
oscillations, coning frantheelasticfeaturesof the rooot”s links, inertiaandgravitational
effects arisingfrondifferentobjects the robot’s gripworkswith (indetermined distur-
bances).

Themaindifficulty of thedynamiccortrol —the large voluneof calculations inreal
time, canbe successful ly overcome in some cases using the strategy of decentral ized
(independent) control . The manipulating robot is considered as a combination of
independed subsystems, where each of the subsystens is connected to the par ticular degree
of freedom of the mechanical systemand the inflluence between themis ignored. Forevery
subsystema local control law issynthesiized thettensures stabi lity of the free (independent)
subsystem. This approach is effective for the task of positioningand fol loving the
trajectoriesslonly. But inthe gereral case the interaction between the simultaneously
moving links can essential ly make worse the qual ity of the systemasawholeand can
increase the errorwhen thedesired trajectory is fol loned - Thedisturbanceswith unknoan
amplitude that canbe caused for instance by catchor grip afanobjectwithunknomnmass
and inertiamoment, alsomake worse the qual ity during the motion on the fol lowed
trajectory and canbreak the stabi lityof thewhole systemaswel L.

When the robotworks in partly determined conditions— for instancewhen itworkswith
detai lswhoseweight is unknoan, thenthealgorithms foradaptive control have tobe often
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used. Theadaptive control lersgive larger possibi lities, butthe algoritimsof adaptive
control are more complex in respect to calculations needed for their realization in
carpar isonwith theclassical algoritims ofcontrol . At the sametime it issocamplexto
provethestabilityofthesystematal l . Hence, theadaptivealgorithmshavetobeusedonly
whenthe classical methods for dynamiic control camnot ensure the necessary features of
thecontrol ledsystan.

Twogeneral approachesexist for solution of the problemabout adaptive control [2].
Thefirstone iscomnectedwithself-leamed (self-setting-up) systems [13, 14] where the
improvement of the model ” saccuracy isensured by methods forestimation of the control led
systemparareters inreal time andafter that thismodel isused for theainms of the control
by feed-back connection (pararetrical adaptation [3]) - Themainproblemofthis strategy
istoensure thesimi larity of the parareters’ estimations for threwhole timeduring themoti-
onisrealilized. Alsoat thebeginningofthemotion’s trajectory theestimated parareters
aredhangingessantially. It leadstosuddenchanges of the corrol signals—*‘uneverness”
of themotion at the beginning of theworking task. Besideswhen the parameters of the
system changewitha jurp (for instance whenheavy load is caught), the stability of the
systemcan be broken.

The second approach is an adaptive control with standard model [15,16, 17,
18,19, 20] . Here the aspirationfor the closed system”sbehavior isto correspondwith the
behavior of the previously dhosenmodel inthe sense of somekind of crirterion (adaptation
withthesignal) . Themanipulating robot isconsiderednot asanunknoamn object butasan
object the dynamic characteristicsofwhichare partial ly knomandcanbe calculated in
real time. Thisapproachensuresbetter transitional processes incarparisonwiththeself-
setting-upsystens. But the maindisadvaritage here is the large volure of calculations
needed toreal ize theconrol law.

11 . Method for Dynamic Control by Standard Corrections — specific
features. Comparisonwith non-adaptive and adaptive methods for
dynamic control aboutabi lityof calculation

The method for control by standard corrections (like anumber of other methods for
dynamiccontrol) isdeveloped on the base of the method of the cal culated mament.. But the
greatdifferencebetween themis theexistence ofanewoorporent inthe cortrol sigral [1],
whichdoes theestimationof the systemdeviation fronthedesiredmotion. Suchadeviation
can be caused both by the Inexactnesses and by the ignored parts of themanipulatiing robot
dynamicmodel andalso by other disturbances, but this component makes corrections to
the jointvariables of themechanical system—Au (t) onthebasisof thatestimation. The
inexactnesses inthemodel come fromvariations of the parametersd, fromapproximate
valuation of same of the dynamic model parts. And the ignored parts of the model aimto
decrease thevolure of calcullations inreal time. Thevaluation isbeingdonewiththehelp
of standard trajectories for the jointvariables of the mechanical system. Theyhave been
generated in dependence of concrete working task and feed-back coefficients of the joint
positionandwvelocities. After that the standard correctionsare formed for the joint
variablesonthe baseof thattvaluation [1].

The existence of the camponent mentioned above in the control signal makes clear
thepriority of themethaod for cattrol with standard correctionswith respect to themethods
of dynamic control between the calculated moment method’s group .- The comparison
between thesemethods incalculatingaspect leads tothe fol loving results (thedatarefer
tothecalalationofthe control signal forevery intenval of discretizationof timeabout the
regional structure of the robot PUMA; it isdone [2], [5] withamicroprocessor
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INTEL 8086/8087, 8 MHz) :

Method of calculating themoment [2]

a) when the wholle dynamicmodel is calculated

additions-55; multiplications— 91; time of calculations— 9.03ms,

b) whenthevector b(q,q ,d) fran (1) is ignored

additions—31; nultiplications-35; timeof calculations—4.07ms;

Method of control wirth standard corrections

a) when the wholle dynamicmodel is calculated

additions—85; nultiplications—-67; rotations [1] -13,

timeofcalculations—9.43ms;

b) when the approximate valuations of thematrix A(q,d) and thevector b(q,q ,d) from
@ isusd

additions—63; nultiplications—18; rotations—18; timeofcalculations—5.03ms.

The useof acentral adaptive cormrol wirth standatd model for the regional structure
of PUVA robot needs the fol lowving calculations [2] -

additions—64; multiplications—-133; timeofcalculations—12_23ms.

The real izationofcentral izing indirect adaptive control (by using regressor
matrix [21,22]) needs the folloving [Z] -

additions—232; multiplications—325; timeof calculations—34.39ms.

From the datta above mentioned it can be seen that if thewhole dynamicmodel is
calaulated, thenthecalculationtime is withO.4msgreater for themethod of control with
standard corrections canpared to the method of cal culatingmoment.. But inthiscase the
third component of the control signal Au(t) aims to caompensate the influence of the
undeterminated effects on the closed systembehaviour. However, when approximate
valuationsareused the time of calcullations isconsiderably less. Asaresult inexactnesses
are introduced inthemodel, but nevertheless the clased systemgoes on thedesired motion
exactlythat canbe seenfromthe resultsgiven in [1] and [4] - Theuseof suchanagpproximate
valuations ispossible due to the existence of the component Au(t) -

In comparison wi'th the central adaptive standard model of control the time of
calaulationhere (Withuse of the methodwirthstandard corrections) decreasedby2_8ms.

111 . Computer simulation

InFig. 1the jointcoordinatesq, , 1-1,2,3, are represented for the regional structureof the
robot SCARA; inFig-2- the standard corrections to the joint coordinates, velocitiesand
accelerstionsofthe 2ndrotation jointof thestructure. Thedataof the structure needed for
the carputer simulation of the method of control wirth standard corrections, aretaken for
the assenbly robot RVS232P. The resultsare obtainedwhenvaluations for A(g,d)q” and
b(g,q ,d) (respectively Aand b) areequal tzero. Itcanbeseen fromthe figures thatas
aresultof the mechanian for estimation and compensation of the systemdeviation from
thedesiredmotiion (the componet Au(t)) the structure executes theworking task that in
treconcretecase is: transitionfrantie initial stateq,(0)=d,(0)=q ",(0)=0, tothe firal
state g,(T)=1rad, q,(t)=0.5rad, q,(T)=0.3rad, ,(T)=0rad/s, q " ,(T)=0rad/s?,
i=1,3 Adtrerequirementofthe transitional process istohaveacritical-goeriodical cha-
racter. Thetimeofcalculations is3.86ms.

InFig.3the jJoint coordinates q,, I=1, 2, 3, are represented and the standard
trajectoriesq, , i=1, 2, 3. The resultsaredotained under the sameconditions as the resullts
franFig-1landFig-2. Thedifference is themissingof the componert Au(t) inthecontrol
signal (Fig-3)and inFig-4 theerror for jointsof thestructure isshomn.
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IV. Conclusion

The method for control with standard corrections can be attached to the methods for
adaptive control withstandardmodel by 1tsessence. Thetime for calaulation of the carrol
signal is shorterwith respect to themand 1tmakes this method more convenient for
realizationinpractice. Incamparisonwith thegroupofthe calculatingmoments” methods,
themethod for control with standard corrections has undoubted advantage . Itincludesa
passibi ity forvaluationand carpensattionof the systemdeviation fran thedesiredmotion.
This deviation can be caused by inexactnesses of the dynamicmodel aswell asfronthe
ignored model parts, includingother undetermined disturbances. Butasaresult the
calculating time for the control signal iscomensurablewith the time thisgroup of
methods used towork.

V. Appendix

Dynamic Control by Standard Corrections. Synthesis of the controlled law

The dynamiccontrol is effected onthe basisof motion equations of themanipullating
rdots2).

Thesynthesisof the control ledsignal u(t) isexecuted inacocordancewith thepresernted
in[1] method for senocontrol with standardcorrections. Theocortrol ledsignal consistsof
three components :

S) u(® =, (O +u (O +Au(D),

whose forming isexecutedas fol lows -
1. The component, formed franthe feedback comnections onthe jointposition, speeds
andaccelerations-u, (O

@ u, O =(A-1D G ®+b-K d®-Ka®,

where Aandbare valuations on thematrixA@Q(E)) of thevector b@(t) .4 (©) fran(2); K
andK, arediagonal matrrices of the feedback connections onthe joint positionsand speeds.

2. Component, which introduces information inthe systemfor thedesired motion
Y®.

(&) u, (=4 (O +K, 4, +K q,(D.
If(dad (@) arereplaced in (2) itfolloas :
© AG (D +KAG (B) +K Aq(D) =Au®) -AT(D) ,

wherewithA f, the sum [(A-A) G~ (©) + (b-b)] ismarkedand Aq()=q(t)-q,(t)-

Ifthevaluationsare precise, i.e. A=A and b=b, there isronecessity for the third
carponent inthe control ledsignal : inthat case A T () =0, andequation (6) of the closed
systemshouldbe:

0] AG (D +KAG (D) +K Aq() =0,
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where0 e R, andwithq(0)=q,(0) and g (0) =g ,(0) working outwith thedesiredmotion
isassurad.

Suchprecisevaluationsof Aand b arecomected with thenecessityofa largenurber
ofcalaulations, whichisveryhardtorealize inreal time inpractice.

Therefore theexistence inthe rightsideof equation (6) of AT (Q(D), g (D), G~ () =0
is leading tothegppearance of differentbyvaluation inthe tinedeviations fronthe desired
dynamics of theclosed systam, i.e. Aq(©) #0, A #0andAq ™ (E) #0.

3. Camporent, which real izes valuation and makes corrections of the inexact
and/or negllected members in the dynamicmodel Au(t).

For the forming of the last canponent Au(t) twosteps must be realized:

a) gererationof standard trajectoriesfor the joint positions, speedsandacceleration
q.®.4.®Oadq" (©.

b) dbtainingofavaluation, whichdharacterizes thedeviationofthe systemfromthe
desirednotionfor each interval of discreditingof thetineV (t,) andnurerical integrating

of thedifferential equattion

® Z"(MO+KZ ®+K z(D=KV(D),
when:

(S) V() =V, (1) +V,(B) +V,(t)
and

act, D-q. D=V,(5),
(V) q (€ D-4.(€ D=V,

a"(t, )-9 (& D=V(®)-
The choiceof the elements of the diagonal matrixK , connectedwith the size extent of the
standard corrections, depends of the concrete problemexecuted by themanipulation robot.

The last carponert A u(t) as aresult of the additional feedback connectiononthe
Jointposition, speedsandacceleration, isformed by the soformulated after integrationof

eqatin(©@)z(t), Z (t)adz " (t)es:
(@)} AUM®=Z () +KZ () +K z(t).

When inequation (6) Au(t) is replaced by the expression (11) , themotion inthe
systemisdescribedwith
@ £"(+K g (D) +K e(D)=-AF(D),
where e(D=Aq(D-z(D) . Inthatequationthesum [Z () +K,Z (D) +K z(t)] compensates
the influenceofthe inexacts A fwith thehelpofoorrections, introducedby z(t), Z (©ad
Z (®tardAg(®), Aq ) adAq ™ (D)-
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IrHaMMUeCcKkoe YyINPaBJIEHME MAaHUITYJIAUMOHHEIMM POBOTaMM.
IVHaMMUYEeCKOEe yIIpaBJIEHME C D TAJIOHHEMU KOPPEKLVAMA

ToHM BOSIDKMERB

lleHTpPAaIBHas J1a60paToOPMI MeXa TPOHMUKH U HPUOOPOCTOOEHUN

(PeswomMme)

B paBoTe paCcCMOTPEHHE MET OB AMHAMUYUECKOT'O YIIPABIIEHM S MaHUITYJIALIMOHHEMA
poBoTaMu. PaCCMOTPEHE TaKXe OCHOBHEIE INPOOJIEMEL IJIS UX NNPAaKTUUECKOM
peayms3alym U NOOXOMEL PElieHN 9THX pobseM. Jajee OIcaH MeTO IVMHAM/IIECKOTO
YIPaBJIEHMS C DTAJIOHHEMM KOPPEKLMAMY . CpaBHEHBIE BEUVCIIUTEIIbHA S CJIOXHOCTD
PAaBIIMUHBIX METOIOB . [IpenCTaBIJIeHE PE3YJIbTATE KOMITBIOTEPHOT'O CUMYJIMPOBAHMS .«
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Fig.1. Jointposition g;, i=1, 2, 3. The curve withnomark—the graphics of g,-Q1, the
curve with * — the graphiics of g,- Q2, the curve with A - the graphics of g, - Q3.

Fig-2. Standard corrections to jointpositions, speedsandaccelerationof joint2. Thecune
with nomark — the graphics of the valuation, which characterizes the deviation of the
joint2 franthe desiredmotion-W; the cunvewith*- the graphicsof the standard correction
tothe jointpositionof joint2-22; the aurvewith A —thegraphics of thestandard correction
tothe joint speed of Joint2-722; the curvewith [ —thegraphicsof the standard correction
tothe jointaccelerationof joint2 —DZ222.

Fig.3. Jointposition g, andstandard trajectoriesfor joirtpositiond, , i=1,2, 3. Threaune
wi'th no mark—the graphiics of g,-Q1, the curvewith* - the graphics of q,-Q2, the
curve with A—the graphics of g,-Q3, the curve with(]—the graphics of g, -QIE, the
curvewith < —the graphics of g, - Q2E, the curve with V - the graphiics of g, ~Q3E.

Fiig.4. Errors for joint position. The curve with nomark—the graphicsof (g,- g, )+
(g, - d,, ) — ERR, the curve with * — the graphics of (q,—q,,) - ERRT.
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