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Abstract . In this papera newy developedfuzzy supervisorycortrol system for the injection
moalding processis preseted. The systam pefforms automatic tuning of the machine operating
points and reducesthe human effort for a complete optimization of the madine setthgs. The
expermental reaults obtanedfrom the applicationof the proposeduzzy control archited¢urein a

real industribenvironmen were encourging
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1. INTRODUCTION

The injection molding is one of the most widely
usedtecmiquesin the pladics induwstry. The aim to
produceplastic partsof high quality, on time and with
the highestlevel of profitability indicateshe necesiy
of optimal tuning of the injection molding madines
[1].

Thereare mary paranetersthat haveto be tuned
to derive products of high quality . Besides, the
occurring faults and the coninuous change of the
ambient conditions , material and mould impose a
constat re-examination of the process .

Recenty the idea of applying knowledge-
basedsystems for the tuning of the injection molding
processhas becane quite appealig. Expert system
and computaticnal intelligence techiques that assst
decision making and troublediooting in pladics
industry havebeen devieped [2-4] .

Among these techniques , fuzzy logic is
consideredto be a suitabletool for such a kind of
expertsystams [4-6]. Starting from this observatio a
fuzzy incremental supervsoty controllerfor the IMM
was developed.

The pape is organized as follows : In
Section?2 the injection molding processis analyzed .
In Section3 the fuzzy supervisoy control for the
IMM is introducedIn Section 4 atheoreticalanalsis
of the proposedfuzzy control methodolog is given
focusing on the similarity between fuzzy increment
control and incrmental gradient desa# . In Sectia 5
the expermental resuts derived from the application
of the proposedfuzzy control in IMMs operatirg in
real industrid ervironment are presentedFinally in
Section 6 sme contuding renarks are gien.

2. INJECTION MOLDING PROCESS

The injection molding processoccurscyclically . The
plasticresin,in the form of pelletsor powder, is fed
from the hopperandmelted. In areciprocating screv
type injection molding madine , the screv rotates
forward and fills the mold with melt . During the
filli ng of the mold, the screv injects the melt with a
specific pressire (injection pressure) and with a
specific speeditfjection speel. The transfomation of
the plastic from the solid to the liquid staterestts in
the shrinkage of the material in the mold. To
compesate for the contraction due to cooling and
solidification of the polymer,more melt is addedanda
secondpressureas applied (holding pressureor dwell
pressurg .

NN
<TI0

P —

Fig. 1. The injectioimolding machine

The time during which this additional
pressuras appliedis called the holdingtime (or dwell
time ). During the dwell time the cooling and
solidification of the mel in the mold starts.In parallel
the new plastisizing phase may starttoo. This phase
dependsmainly on two paraneters, the plastisizing
speedand the pressurethe scrav applieson the melt



while moving backvards(backpressurg. Thescrev
contirues to rotate backvards until enough melt is
generatedor the next shot. The solidified partis then
ejected and the mold closks thenextshot.

In the following diagran the phase of the
injectionmolding ¢/cle is denongrated.
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3. FUZzZY SUPERVISORY CONTROL OF THE
IMM

3.1. Supervisory control

A supervisoly processcontrol stratey works on the
same level asthe human operator. It takesover a part
of , or all of the operator'sjob of controlling the
processSupervisoy control of the IMM processhas a
configuration as shown in Fig. 3, wherethe operator
selectsbetween manual adjustrents of the setpoints
and autanétic setpoint coordinationbasedon fuzzy
controlrules .
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Fig.3 Corfiguratian of fuzzy control for the IMM
process

The existing control loops are still active , and the
high level control strategy makes adjusments of the
controller set pointsin the sane way as the operator

usedto do , beforethe autamatic control strateyy was
instdled. It is up to the operatorto decidewhether
marual or autanatic control is likely to producethe
best possible operation of the IMM.

3.2. Thefuzzy rule basefor the IMM process

First , the state and the control variablesof the
IMM system have to be deterimed.
The state variables are assgned the fuzzy values
{0,1,23,5} which correspondo the fuzzy sets{OK,
Very Small, Small, Medium, Intensve, Severe} and
declarethe extent of the product'sdefed. Theway in
which the fuzzy values of the state variables are
deduced is sumarized in Tablé :

Tablel :
State Variables ohie
IMM process

Sink Mark

Flash

Excessve Shrinkage

Bad Finising

Half Fill

Total Deformatim

Wrapage

Larger Dimensions

O|o|N|O|U|AWIN|F

Wide Burn

10 Under Gloss

11 Over Gloss

12 Under Weight

13

Over Weidnt

The crisp value Vjprovided by the appropriate

measirement stationfor the weight , the gloss or the
dimersiors of the product is fuzzyfied via the
calculation of its membershp degreeto the following
fuzzy ses :
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Fig. 4. Fuzzfication of the defectsert

Thecontrolvariables(machine setings) arechose as
follows :



Tablell :
Control Variables oftte IMM process

Name Range
Cooling Time 10-20 sec
Mold Temperature 20 —400 °C
Dwell Pressure 3-8 sec
Clamping force 100-50@ Nt
Dwell Pressure Tine 0-80 bar
Nozzle Temperature 100-400°C
Plastisizhg Speed 0-100 %v,,,
Back Pressure 0-40 bar
Injection Pressure 0-160 bar
Injection Speed 0-100 %v,,,
Mold OpeningSpeed 1 | 0-20 % Viax
Mold OpeningSpeed 2 | 0-100 WV, ax
Openirg Stroke 300-400 cm
BarrelTemperature 0-400°C
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&IMM Settings proposed by Fuzzy Optimizer [_ (O] x|

300

(Optimization Cycle

r Current Values of the IMM Parameters - IMM Parameters Ranges

Parameter Parameter | Minalue  |M. =
Coolnglme ;184 CoolingT ime 10
DwelPressuie ime 54 MouldT ermp 20
ClampingForce 5369 DwelPressu ]
DwelPressue 473 ClampingFor 100
InjectionPressure 5.3 DwellPressy i]
InjectionSpeed 5.3 E‘GZZ.‘E.TEmf ‘H]E -
MouldOpeningSpeed] 8.1 miml ,
MouldOpeningSpeed?  41.3
OpeningStoke 3881

A Update:
ol ] Pr e |

Exit |

Fig. 6. Settigs proposedby the Fuzzy Optimizer

The rules obtained via interviewing the expert
operatorsof the IMM processand the operating
maruals have thefollowing form :

* IF defect is OK THEN the increase(decreasepf
the controlvariablej is ZERO

* IF defect is Very Small THEN the increase
(decrease) of theontrolvariablej is Very Small

* IF defect is Small THEN theincreaseg(decreasepf
the controlvariablej is Small

* IF defectis Medium THEN theincreasgdecrease)
of the controlvariablej is Medium

« IF defecfis Intensve THEN the increase
(decrease) of theontrolvariablej is Lamge

* IF defectis Severe THEN the increaseg(decrease)
of the controlvariablej is Very Large

The partition of the universeof discaurseof a control
variable chage nto fuzzy subsetss shown in Fig. 7
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Fig. 7. Fuzy Sets da control variablehange Au

The control actions associatedwith each defed are
sunmarized in Tablell

A typical control rulevould be of theform :

IF Sink Mark exsts THEN
i) increase Cooling Tie
i) increase Wvell Pressure Tne
iii) increase Wvell Pressure

handle simultaneais appearancef mary defect
on a product an hierargtof defecs is defned.Priority
is given to the removal of those defecs which are
considered to be moreportant.
However a more soundapproachwould be to use
first evolutionary techniques (e.g. genetic algorithms
[7]) , in orderto reducethe coupling betveen the IMM
setthgs and the product defecs. Then the above
fuzzy incremental controller can be applied .



Table 111 :
Control actios Associatedvith ead defect

1 Sirk Mark Increase Cooligp Time
Increase Wvell Presare Time
Increase Wvell Pressre

2 Air Inclusion Decrease CoolopTime

3 Flash Increase Claping Force
Decrease Well Pressure
Increase Injection Speed

4 EjectorMark Increase Coolig Time

5 Injection Point Mark Decrease Nozzle Temperature

6 Excessve Shrinkage Increase Coolig Time

Decreasélastisizhg Speed
Decrease Back Pressure

7 Bad Finiing Increase Wvell Pressre Time
Increase Injection Pressure

8. Half Fill Decrease Injection Pressure
Increase Injection Speed

9 Total Deformatio Decrease Mould Opemj Speed 1
Decrease Mould Opemj Speed 2
Increase Openg Stroke

10 Wrapage

11 Larger Dimensions Increase Claping Force

12 Burn at the Edge Decrease Claping Force
Decrease Injection Pressure
Decrease BarreTemperature

13 Wide Burn Decrease Mould Temperature
Decrease Claping Force
Decrease Injection Pressure
Decrease Barrdlemperature

14 Cold Flow Lines Increase Mould Temperature

15 Over Weidt Increase Claping Force

16 Under Weight Decrease Claping Force

4. SIMILARITY WITH INCREMENTAL
GRADIENT DESCENT

One common variation on gradientdescat intended
to avoidlocal minimum trappingis calledincrementd

gradientdescat , or alternativey stochastc gradient
descent[8] . Whereasthe conventional gradien

descenttraining rule computes parameters updates
after summing overall thetraining examples, theidea
behind stothastic gradientdescat is to approxmate
the gradient descentsearch by updating weights

incrementally , following the calaulation of the error
for each indvidual example.

In incrementd gradientdescenthe paranetersupdate
is based on the relation

w, (k+1) =w, (k) +n(t; —o4)x wheret, is the

targetvalueand oy is the currentoutput of the d —th

training example .
In the injection molding problem each machine
parameterd updated byraequialent fuzzy rule

IF defec} is A; THEN theincrease (decreasg of
control paremeter must be B,

the numerical formulation of which would be
W (k +1) =w (k) + Aw, (k) where  the  increment
Aw (k) is propational to the severty of the
appearingdefect. In the injection molding casethe
currentvalue of the products defectstandsfor o
andthe zero value of the products defectstand for
t, . Thereforethe simultaneousappearancef n

defectsis equivalent to the exigence of N training
examples . The sequentibhandling of the n defects
accordingto their priority index resembles to the
sequetial corvergence to eachone of the n target
values t by the incremental gradient descat

algorithm.

d



5.EXPERIMENTAL RESULTS

The resultsof the optimizaion tegds when the fuzzy
optimizer was applied on KraussMaffei Injection
Molding Machine are sunmarized in Figures 8-15.
The plasticproductswerebuckes usedfor the storage
of alimentation and paints. The fuzzy supervisoly
controllerwas progrenmed in C++.
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Fig. 8. Tunigy of the Coolirg Time paraneter
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Fig. 11. Tuning bthe Injection Speed paramete

Fig. 12. Flashvs Optimization Cycles

Fig. 13. Half Fillvs Optimization Cycles

The resultsobtainedwere quite encairagng . The
proposedfuzzy supenisory controller corvergedfast
to the IMM settings which resut in productswithout
defectsHoweverthe efficiency of the proposeduzzy
controllermust be testedin variousenvironments and
operating conditiors and for several types of
machines andpolymers .

Fig. 14. Bad Finishing vs Optimization
Cycles
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Fig. 15. Fluctuation d defectsvs optimization :
Flash (black line ), HbFill (gray line)
Bal Finishing (white line ) .

6. CONCLUSIONS

In this papera fuzzy supervsoty controller
that pemits the sef-tuning of an injection molding
machine was developed. Fuzzpgic basedechiques
canbe consideredasa suitabletool for the regulation
of theIMM procesdor thefollowing reasms: i) it is
difficult to obtain an exact mathematical model for
the process ii) up to now the calibrationof IMM s is
performed iciently by human eperts.

The injection molding process can be
viewed as a multiobjective optimizaion problem .
Each madine paraneter affects several qualitative

attributesof the plasticproductto a different degree.

The tuning of the machine paraneterswasbasedon a
priority policy. According to this conceptif morethan
onedefectsappearsimultaneotsly on the productthen
the change of the values of the machne settings is
guided by the defectwith the higher priority. The
updateof the machine settings is performed by an
incremental fuzzy controller which uses rules of the
form:

IF defect is A THEN theincrease(decreasg of
paremeter must be Bj

The magnitude of these increnental changes is
proportional to the severiy of the appearingdefed.
Using informationprovided byexpertsn theinjection
moalding industly up to 16 defectswere relatedwith
14 different machine paranetes. The similarity
betwween the proposedincremertal fuzzy controller
and incrementd gradient —descat techiques was
noted. The efficacy of the proposedself-calibration
mechanism wastegedin arealindustrial environment
on a KraussMaffei injection molding machine . The
first experimental reaults were encourging. However

to apply the proposedtechniquee without dependence
on the machinetype or the polymer used,the existing
rule basehasto be erhancedand supplied with sef-
organizing capabilities.
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