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Inthediecastingprocess,itisnecessarytoshortenthetransfertimeforavoidingthe temperature
dropofthemoltenmetal.Itisoftenusedtodrawthemoltenmetalfromfurnace intoaladleusinga
multijointrobotarmwith6degreesoffreedomandalsotransferittoa plungerofadiecastmachine.
Productivityofdiecastingisdecidedbycycletime.Therefore, if transfer timeisshortened and
castingcycletimeisreduced, thecastingproductivitycanbeprogressed.Hence,speedup ofthe
moltenmetal transfer is highlydemanded. However, if the transfer speed is increased, sloshing
(liquidvibration)isgenerated,andthequalityandthesafetydeteriorates,becausecontaminationand
effusion are occurred. In addition, the waiting time until damping sloshing prolongs and the
productivityisdecreased becauseoftheresidualvibrations.Thespeedupofthemoltenmetaltransfer
systemwithsloshingsuppressionbymeansoftherobotarmishighlydemandedforimprovementof
the safetyandproductivity.Inthispaper,wegiveatrajectoryplanningcontroloftransferringaladle
usingrobotarm, andalsopresentsthesloshingcontrolofaluminumalloymoltenintheladle.First,
sloshing model in a ladle is built.Secondly,we apply an input shaping control to suppress the
sloshing while transferring a ladle with high speed. Finally, the effectiveness of the proposed
approach inthispaperisdemonstratedthroughsimulationandexperiments.

 
Inthediecastingprocess,itisnecessarytoshortenthetransfertimeforavoidingthetemperaturedrop
of themoltenmetal. It is often used to draw themoltenmetal from furnace into a ladle using a
multijointrobotarmwith6degreesoffreedomandalsotransferittoaplungerofadiecastmachine.
Productivityofdiecastingisdecidedbycycletime.Therefore,iftransfertimeisshortenedand

casting cycle time is reduced, the casting productivity can be progressed.Hence, speedupof the
moltenmetaltransferishighlydemanded.
However,ifthetransferspeedisincreased,sloshingisgenerated,andthe qualityandthesafety

deteriorates,becausecontaminationandeffusionoccur.In addition,thewaitingtimeuntildamping
sloshingprolongsandtheproductivityisdecreasedbecauseoftheresidualvibrations.Thespeedupof
themoltenmetal transfer systemwith sloshing suppression bymeans of the robot arm is highly
demandedforimprovementofthesafetyandproductivity.
Variousapproacheshasbeenusedbyresearcherstotacklesloshingsuppressionproblem.Feedback

controlofclosedloopapproachusessensormeasurementsforfeedbacktogenerateinputinaclosed
loop. Solutions using this approach presents good and relatively robust control ability against
disturbances. Examples include generalized PI control [2], and H∞ feedback control system [3].
However,inthediecastingprocess,itisdifficulttodoaccuratesensingofliquidlevelinarealtime
manner.
Ontheotherhand,feedforwardapproach[58]doesnotrequiresensormeasurementfeedback,yet

canprovidegoodperformanceassumingthatnaturalfrequencyanddampingfactorofthesystemare
knownbeforehand.
If the sloshing phenomena ismathematicallymodeled, the faster transfer controlwith sloshing

suppressioncanbeexpectedbasedontheprocessmodel.Ifsloshingphenomenacanbemodeledbya
series of second order transfer function comprised of mass, spring, and damper, input shaping
approachdevelopedbySingerandSeering[1] isoneofmostpracticalcontrolapproach. Ininput

 

4. Conclusions 
In this paper the effects of microstructural characteristics and casting defects of the A356 Aluminium 
based alloy, produced by gravity die casting process, on their fatigue failure were investigated. In the 
study two important positions of the cylinder heads  in as cast state and after T6 heat treatment were 
considered and the correlation between their microstructure and mechanical performances and the 
fracture surface has been presented. It was found that the solidification rate during the manufacturing 
process played a key function in the properties of the produced alloys. In fact, decreasing the cooling 
rate during solidification more uniform microstructure was obtained and increased mechanical 
properties result.  
The results showed that the fatigue properties of an Al-based casting alloy are strongly influenced by 
the presence of casting defects. The reduction of the fatigue strengths is more accentuated in the 
presence of shrinkage porosity than those obtained in the presence of persistent slip bands only. As 
expected, the alloy performance is improved by T6 heat treatment.  
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shapingapproach, residualvibration iscompletely suppressed for thevibrationsystems including
highermodeloscillation,andthefastestcontrolinputincaseofusingonlythesamesignofcontrol
inputcanbeobtained.
Thisresearchexplorestheuseofinputshapingtechniquetosuppresssloshingontransferofliquid
container using 7 degreeoffreedom robot arm. Section 2 presents the liquid transfer system
construction.Section3explainsindetailmodelingofthesystem,whilesimulationandexperiment
resultispresentedanddiscussedinSection4.

 
The liquid transfer system concerned uses 7 degreeoffreedomMitsubishi PA107C robot arm.
Weighingonly40(kg),itslongestarmreachis1(m),andcancarryupto10(kg)ofloadonitsarmtip.
Acylindricalcontainer,150(mm)indiameterand250(mm)inheight,ismountedontherobotarm
tip.Electricresistancelevelsensorisattachedtothecontainer,placedononesideofthecylinderto
measure height of liquid over time. Itworks by detecting changes in the resistance between two
electrodes.Heightfluctuationdetectedrepresentsmagnitudeofsloshing.Fig.1(a)showspictureof
therobotarmholdingthecontainerwithlevelsensorattached.
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Fig.1Completesetupoftheliquidtransfersystem

 


Axisplacementoftherobotarm androbotarmlinkdimensionareshowninFig.1(b),(c).Oneofthe
arm joints, the S3 joint, is locked so that practically only six joints are actively used because
redundancyofarmsisnotnecessaryforthepresentpurposeinthispaper,butrequiredinnextstepto
avoidobstacles.TheactivejointsareS1,S2,E1,E2,W1,andW2.Thussixaxesareassigned,oneon
eachactivejoint.
Inverse kinematics is used to translate tip position to each joint angle. Rotation matrix and

translationmatrixforeachaxisiisdefinedby:
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Relation betweenposition (x,y, z) and orientation (φ,θ,ψ) of the arm tip and joint angles is as
follows:
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,wherematrixTisproductofallrotationmatrices:
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WeusevectorPtodenotepositionandorientationofrobotarmtipandθforjointangles:
[ ]TzyxP ϕθφ= , [ ]T654321 θθθθθθθ = 

Valuesofjointanglesdecidepositionandorientationoftherobotarmtip.RelationbetweenPandθ
isasfollows:

( ){ }tftP θ=)( (6)
( ){ } ( )ttJtP θθ  =)( (7)

,whereJisthe6×6Jacobianmatrix.ThusderivativeofθcanbecalculatedfromderivativeofP,
providedthatJisinvertible:

( ){ } ( )tPtJt  θθ 1)( −= (8)


Sloshinginsideopencontainercanbewellrepresentedbyequivalentmechanicalmodels,eithera
pendulummodelorspringmassmodel.Oneapproachisbyusingsimplependulummodel[6],where
onependulumrepresentsonesloshingmode.Damperisaddedtothependulummodeltorepresent
viscosityandfrictionofliquidwithcontainerwalls.Consideringonlyfundamentalsloshingmode,
whichisdominantincontainertransfer,andneglectingothersubsequentminormodes,thependulum
modelasshowninFig.2canadequatelyrepresentthedynamicsofsloshinginlateraldirection.In
this model, planar liquid surface is perpendicular to the pendulum, which swings as container
accelerates(ordecelerates)byα,formingangleθbetweenplanarliquidsurfaceandhorizontalline.
Coefficientcrepresentsdampin.
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Fig.2Pendulummodelofonemodesloshing


Byconsideringmomentbalancearoundfulcrumofthependulum,dynamicofthemodelcanbe

describedbythefollowingequation:

θαθθθθ cossincos)( 2
2

2

⋅+⋅−⋅−= mgmgll
dt
ldc

dt
dJ         (9)

,whereJ(=ml2)ismomentofinertia.TheliquidlevelhonthesidewallequalsLtanθ.Considering
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onlysmallvalueofθ,linearapproximationoftheabovenonlinearmodelisasfollows:

ll
g

m
c αθθ +−−=  (10)

αLh = (11)
Transferfunctionbetweenliquidlevelhandlateralaccelerationαisthusdescribedbythefollowing
equation:
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Comparingaboveequationtosecondorderdampedlinearoscillatorwithnaturalfrequencyωnand
dampingratioζgives:

lgn /=ω (13)

g
l

m
c
2

=ς (14)

,wherem ismassof liquid, and equivalent pendulum length l (m) and coefficient of viscosityc
(Ns/m)areidentifiedbyagreementofsimulationandexperimentsasshowninnextchapter.



An uncoupled, linear, vibratory system of any order can be specified as a cascaded set of
secondorderpoleswiththedecayingsinusoidalresponse:
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,whereA isamplitudeoftheimpulse,ω0 istheundampednaturalfrequencyoftheplant,ζ isthe
dampingratiooftheplant,tistime,andt0istimeoftheimpulseinput[1].
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Fig.3.Principleofinputshaping


WeobtainthemagnitudeKandtimeTofsecondimpulseasfollows:
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Adjustmentshouldbemadesothatthesumofthetwoimpulsesequals1(thusthecommanddoesnot
go beyond maximum value), giving 1

1 K+
as first impulse magnitude and

1
K

K+
as the second

impulsemagnitude.

 
Inthispaper,onlystraightpathtransferisfocusedfromstartpointtoendpoint.Liquidtransferon
curvedpath inducesnonlinearphenomena such as centrifugal force,Coriolis force, etc., and it is
difficulttoexactlysuppresssloshingincurvetransferbyonlyinputshapingmethod.Therefore,curve
transferwithsloshingsuppressionusingrobotarmisnotconsideredinthisexperiment,butwillbe
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reportedinnearfuture.
Forthisexperiment,robotarmhastomovethecontaineronastraightpathfromstartpoint(700,

500,250)toendpoint(700,500,250).Heightandmassofliquidinsidecontaineris170(mm)and3
(kg),respectfully.Maximumaccelerationandvelocityis2(m/s2)and0.5(m/s),respectfully.
Theoretical value of undamped natural frequencyωn for fundamental mode of sloshing inside

circularcylindricalcontainerisdefinedasfollows[4]:
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,wherehs istheheightofliquidfrombottomofthecontainer.Foroursystem,theoreticalnatural
frequency equals 15.506 (rad/s) = 2.469 (Hz). From this value and (12), we obtain equivalent
pendulumlength(l)of0.0408(m).Valueofdampingratioζwasestimatedfromexperiment,and
coefficientofviscosityccanbecalculatedfrom(13),foundtobeequal1.02(Ns/m).TableIlistsall
parametervaluesofoursystem.

Table1Parametervalues
  

Equivalentpendulumlength,l 0.0408 (m)
Coefficientofviscosity,c 1.02 (Ns/m)

Massofliquid,m 3.0 (kg)
Nominallevel,h 0.17 (m)

Radius,L 0.075 (m)
GravityAcceleration,g 9.8 (m/s2)


Byusingthoseparametervalues,inputshaperisconstructed,withKequals0.966andtimebetween

twoimpulsesTequals0.21(s).Fig.4showstheshapedaccelerationprofileascomparedto the
unshapedone.Theshapedaccelerationprofiletakesslightlylongertimebecauseoftheinputshaping
delay.
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Fig.4Accelerationanddecelerationprofile


Containerpositiontrajectory,showninFig.5(a) isthengeneratedfromtheaccelerationprofile.

Inverse kinematics procedure translates the position trajectory to robot joint angles trajectory as
showninFig.5(b).Thosejointanglesarethenusedascommandtomovetherobotarm.
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Fig.5Shapedpositionreferenceandaxisanglereference


Using theaxisangle reference,simulation isconducted. Theresult isshown inFig.6.Without

shaping,liquidsurfaceoscillatesrelativelyhighly.Smalldampingoftheliquidcausesthesloshing
staysduringtransferandevenlongaftertransfer.Effectofshapingisapparent,inthatwaterlevel
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displacementoccursonlywhencontaineracceleratesanddecelerates,quiteeffectivelysuppressing
sloshingoftheliquidtransfersystemconsidered.
ExperimentisconductedbysupplyingaxisanglereferencetothePA10robotmotioncontroller.

Fig.10showstheexperimentresult,showinghighconfirmationwiththesimulationresult.Itiseasily
seenthatsloshingismuchlowerwheninputshapingisperformed,bothduringandaftertransfer.
However,itshouldbenotedthattransfertimerequiredbyinputshapingapproach(2.46second)is
slightlylongerthanthatwithoutinputshaping(2.25second).
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Fig.6Result

 
Inthispaper,sloshingsuppressionbyinputshapingprincipleonliquidtransferusingrobotarmhas
been achieved. This initialwork on sloshing control for this kind of system looks promising, as
alreadyshowninthispaper.Futureworkisdirectedtoaddressrobustnessissue,aswellastransferon
curved path to exploit the flexibility, such as obstacle avoidance, offered by
manydegreesoffreedomrobotarmwithredundancy.
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