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Abstract

EDM process is unstable especially in the case of fing regimey of maehining. To avold uwnstable
processing a munber of different adaptive process control can be applied. In the present rescarch we
are proposing an adaptive controller which should replace the operator’s manual functions when
priding, the progess in the region of stable conditions, The main part of such a centroller is the
Imowledze and the steatepy of the adaptive control, Since a large amount of knmwledge about the
process control exdsts in the form of operators skill and engineering knowlodge about the principles
of makerial Temoval in EDM, we explored the possibilities of nsing the gxisting knowledge i
tuilding EDN contral. We tred out twee different approaches of procoss control, differiog 1o the
gontroller design, :

The thres sTatcgics wers tested in the cage of process contmol in eriticsl and wnstably rogon af
machiving, A companson of the three approaches is presented by gqualitative estimaton of the
effectiveness of the process control and by quantitalive meazurementz of process petfoimance.
Further research directions are proposed in arder to develop and upgrade the methods of lc:m:!-wlcd_g,c
acquizition for process coutrol in EDM,
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1 1ntroduction

In ¢locirical discharge machining (EDM), onc wsually cxpects high precigion of machined parts,
wspucially by fine repimes, attaincd at as short bime as possible. Both the process stabiliey and
process effectivencss can not be permanently suztained since they are mutually crclusive, The trade-
off between these two factoes @5 wsually attained by means of adaptive cootra) of thy process
accarding te the presct optimisation strategy. The optimisation strategy of most EDM process parthy
remains in the hands of the operator, Sinee the process itself is very complex, effective stratgy of
adaprive control can be asquired by the operator only after a long period of practice, Apar; from
operator’s skill, the knowledpe of fundanental pringiples of machining by EDM 15 crucial. In our
research we focused on acquisition of the EDM lmowlcdue represented in descriptive, non-numetical
and non-symbolic fonn. The controller must be designed as a an open system, which should be
flezible coough to adapt to the process, as well as to the human being and his way of Ginking and
ducision making. Therefore all the basic functions in the controller desips incleding identificztion,
decizion making and control are pecformed by the computer. This involves the nnmerical aspekts of
process identification as well as characteristic buman decimion making baséd on gqualitative and
probabilistic estinations.



2 System for adaptive cenirol of EDM

The parameters which an: constait between the proccss are set bofore the cperation starts thus
characterising the type of the regime. They are called fe seding poremedery and ave a5 Doflows:
pulse time (=64H6Y, palse eurrent (L), open waltape (UG), polarity and the gpe of the diclestricum,
The paramstors which cen be adjusted duing e procsss arc used for optamisation purposes and the
stahilization of the process. They arc called fhe comtroiling porameteri. The mosl important
conirolling pacameters 2re the gap between the tool and the workpices, and the diglectacemn How.
Tlere are four distict sontrol actions: gap ineneass & deerease, flow increase & decrease,

Thy process 5 ideotifed theowgl different types of pulscs, which aw of random shap:, Four
distinet tepes of pulses arc defined according bo theic contribution o the process perfoemance. The
a0 catled frec pulses where no matonial remewval is taking place are dencted by letter A. The effective
pulscs B characterise the slable cepion of the process where e major quantity of matcrial is
remeovid, The romainiog o tvpes, e spark pulses C and short circuik pulses I oare hammdul
causing bums and cracks of the material. The sum of all pulses s potmalized ko 1, for tis reason the
shorl circuit puless arg pot measwred, Along wath pulse dotection the swerge eftctve current 1 s
measured on ling,

S0 the measured process vaerables arer A B, C {poentions of the three types of pulscs) and § (the
effective succent).

The mcasured data ace fod into the computer where the average values and correspondiog
standarcd doviation of the afore meotioned proces: measures are compured on the tne Dervals of 3
and 20 seconds. The choice of tine interval engths 1z made aceording to the human reacbion lime
and to the specific way of process ohsenvation, The state of the system at a particolar time ¢, is
described by 146 atribues, cach atiribute mepresenting the statistic vebues of the fouwr process
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Detailed information about the system arid the ¢xperimunts are given in [ 1] and [2].

3 Threc approaches to controller design

Three differcut approachcs o knowludge acqmisition have been tried {Figwre £). It iz important 19
take advantags of the operater's kngwledse and contral skill regacding the process |2)]. Two desien
strategios take thiz inta acequot: the first tromy the operator's verbal interpretation of the control

: )



strateps. and the sccend by means of inductive leaming from examples [3]. The thivd approach is o
derive & contopller from eagineer’s knowledps regarding BEDi sinking process.
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Figure 1: Diffarenf approsches [y Conieg! acgusition:
OF = Confrofier design based on franstafian oF parsiirs
description of his skilf
CA — Confrplier destgnl bagzed an claning spmoach
ER — Cardratier desion based on engmesr's krawledne aof
e EDM mvocess

5.1 Operator's interpretafion of the control stealepy

The most direct approach to the desizn of g comiraller is to translate the aperator's verbal
deseription of hiz own skills mto [F-THEM control roles. However snch an approach Hias two main
diffrcultizs [4]: {1} The differsnce bebtwveen the fonn of verbal descnption and the resulting sct of 1F-
THEM roles iz remarkable. Mamely. the operator docz not make wse of statiztics for proccss
evaluation therefore, we usc thern i order to define bedter the attnbutes that are acdvally vsed by the
opetator. "The oripinal operator's adributes are esseatially qualfative in nalure and e quits difficall
to be reproduced muncrically, (2} In additton, there i also a difference betwesn whal operator Says
Lz do and what he getually dosy 2], Manoal coatrol s relatively intuitive and mechantcal, and is,
therofore, difficult to interpret verballs.

Figure 2 shows a controllers decived from the oporator’s  verbal deseriphion, Figure 2 can be
read as:

B the average valne of the effective current i last three seconds is less than facter of hozard
dimer 1.5 ampere cid the average of O pafees in last twerty seconds mare then fheter of hazard
fmes () pereent ther increase the gap anel Jushing counters by f.



If the gegr comter 75 mowe thay 4 then increase gop, if the gap oouwmier is fess that -1 than
decredse (e pop

I tive flusting counter is more than | thes increase fhiting, §f the flushing counter is less than
-i than dearease fTushing.

By changing 'facler of hacard' we can move the state of the process more ko the region & (faclgr
lgss than 7) or mon: ko the region 2 {({actor more than 17 (Figwee 4) a5 cxplaingd later,
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Figura X' One condrel eyale darved from fhe operaiors verfal desormplion

3.2 Cioning approach

This appeoach partby bridzes the probleny of intcrpretation of the operators control actions as well
as translation of the operator's kmowledge e symbolic form, By inductivi Icaming it i3 possihle tg
devive the eontroller sirategy fram the records of cperator's conteo] decisions (510 We used the
lkeamning system FORS [3], which finds the relationship botween the proeess state and the control
action using rocords of operatoc’s conbrgl demensteation {records of peocess state and operator's
contrpl actions cepresented oomericaliy}). Detailed information on this subject is given in [6].

Tlis approach praduces separate conteol mles for pap and flushing. They weore Wteprated mto
omg eontroller which 15 shown ey Flgare 2. In general 2 desirable properties of 4 controller is it's
comprehensibility. Such a controller is easy to understand and extend with new rules, The stratesy
cesubtitgy fromn inductive leaming method we vaod 15 aot a= comprehensible as the stoategry darived
from cngineer's kmoveledgy and the steategy derived from operator's interpretation. The obtained rules
wire intorpreted by the expect amd the process states deriviog fron the mles ave divided into &
rgpions representing respective process performance n ghe two dimensional diagram (Figere o).

The iandivedval process state intenpretations atc as follows:
In the regicn 07 the metal removal inbensily is the ighest and the machioed surface inteenty
acccptable,

Region 1™ depicts the unsiable process behaviour. 1t is manifested by wnstable feed movernents of
thi: eloctrode. A Jarge poction of ave pulses ocents, the material romeval and the machined surface



foality is low whils the heat affected zane iz mrowing. The process remains i ibis reien and does

trot brealk; dowm,

Rewion "27 sovers exteemely unstable proccss behaviowr It "z characienised by a large pornos of
arc pukses whish canse quick degradation of the pracess culminating it evolution of the constant are,
Thie danage of the surface i3 man: then ! man deep and ea not be elindnated.
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Figura 3; Ong eonfiol spdle re“&u#.&‘rg frarr clondng. This sfrafegy Increazes and
decreases gap bul anly intraases qushimg,

‘The region “3" represcnts the process with weak flushing and thes the diglectricutn in the gap is
fillzd with meeal particles cawsing the increase of arc pulses. This process state usually develops
gradually from the peocess state iy the repicn "0™ and after goite a period of time {severs] minutes)
colminates in fhe procoss bresk down, The operator wivally prevents the transFormation froan

process state 07 bo protuss state 37



The rogion “47 is chacacteristic for the process state with low poction of are pulses. Becanse of law
metil retmoval care obtained in this prasess state, it should be avoided, though new hama 15 dong to
thi: sterfack,

Inn fhe regian “57 the machining does not occur, beeause the gap is g wide and coly {ree pulses arc
taking place.

According 1o the ahowe descnibed interpretation, the indwced niles were cvaluated by the expert.
The: sugeesled actions were plotted into the process performance dugram (Férire 41 For each noie
of the control stratepy the vector defining the action of setting the gap and the flow magnimde aod
dicection was depicred in the diagram, One can easily see from e diagram that the weetors

representing contrel agtions point towards the boundary dividing the seable and unstsble pracess
states

For example the arcing procyss behaviour states in e region 3% tend towards the rogion of
hipher stabilite whils the ineffective process states in the repion 4™ tond towards the rgpion of man:
intcnsive maclinine, Along with that we can obeerve that many veckors point towards the: oplimal
process state reeion 07, Thess actions correspond to the prmanly goal of the control.
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Figure 4; Diggram of characaristie partrmance reglons and contraf aclions of
fearmed rufes [6l.

3.3 Controt stratery derived from eogineer's knowledge regarding the EDM-sinking process

Approprate actions of the conteoller can be dorived from doep knowlicdge of the EDM pracess,
such as process enginezr's knowledge, The simplicity and clanty of the resulting contealier {Figure
7] are remarkable advantapes of such an appraach. Forheemore the resulteng coitrallet’s
perlotmance iz very good i the specd of response to changes in the process as well as in achieving
[FLOCCES EenEity,
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4 Expert evaluation of the vesults

The three approachesz to the controller design were ested under real woerking conditione. The
cantrgl strategies were applied to the process tegime for which iy wore net specialized, Tlas was
set dediberately th order to tost avd compare the robustness of the respeative eentral algorithms. The
real airenmetances in which the control should be exesuted are even mote demanding fiom e point
af wow of the rabusiness of the control alporithms. The clectrode probe was of cylindrical shape
with the dimmeber of 200 mun. The flushing was performed from the oudside of the cloctrods, which
hag made the working conditions even harder, Rosults of stratesies /EXKL, OFL, QP2 EEZ, O, CAS
ale representod on Figere & and on Figere 7.

The first test was controlled by the algorithun “Coemrral stravery deeived fFom enginears’
knowiedge reparding the EDM sinking process ™, After ten nunutes of operation the process broke
doovas FEELNY. I order to prevent the break down we intradvuced the strateery offering the possibebily of
defining the facior of Razard (Hagh IF the factor of hazand e less then [ owe moee the process
towards the progess performance remian 5 {(Fegrire ).

Ta sxploce the reasons of the process break down an experienced operator maonally controlled
thg pracuss eoader the same starting parameter's seiting AOF LY. The prosess evelution remaimed the
same which led the operater te change the stanting position of fushing valbwe from 0.8 Ifnin to 2.5
Imin AQF2S. Thiz tine the process remaincd stable, From thal we dnew the conclusion that under
unknown process conditions the expert tuition siewed to be indizpensable to locate the proper
Process Setting,.

Undey this newly defined setting the three sirategics wees tested and avaloafed, Becauss the
deration of the process was relatively short, removal mite 13 not 5o informative, The most significant
attribute iz the danape of the surface, Surfaes roughness 13 also impartant, but we should he awarns
that the proccss sctting patameters (voltase, pulse time ete) are more nfeencing the sorface
toughieas Fhan the controlling parameters {gap, fow).
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The kst result was ebtained by manually contralling te process AOP2S and by stratepy dorrved
{rcan engineer’s knowledge /EK2 (Fipere 8). Other two steategies fO8, CAY bad produced serfiece
with some damage but it can be remeved Later on by grinding,

When comparing the remeval mafe and the surface couphness of different strategics, the simatogy
derived from opsratoc’s inbemnreiation O showved fo bo the best. This iz A surpnzing resoll
especially if we consider that (his etrategy does nat enable the ntcosification of the procsss, Thes s
due to the short time of duration of the piocess and very diffienlt operating conditions,
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5 Conclusions

Ohperaler v imlerpretciion of the conirol sivaiegy offers effoctive stabilisation measures boi lacks
process intensification tmeasures which have not beon taken info account by the oporator when
making fhe sirategy. The process meves from the remon of effective machining alter e frst
accurrence of instability and performs ortin the region of ineffactive machining,

The strategy obtained by operatoc’s claning approach, conteols the process well, but backs quick
and drastic weaswrs in the cntical states of e process (Tegion “3° in Figrre 4). The stratcgy
should be uperaded by other zources of knowledpe, such as the operator's and the technolompst’s
knpwdodgrs.

The strategy derived fFor engineer's frowledge of EDMosinking process showed weaknesses
exhilrited in continecs oseillation of the procsss stabilisetion and process intensification measures.



T equilibrivm of the process 13 reached by switching Lepwecn the Doo opposite mMeasues. Proaus
of the delay of the contro] actions which iz due to the calculation of the process parameters statistic
values, e constant switching canses unnesessary dovelopmet of short eirciit pulses in spite of the
Fact that the process perfocs in ¢he pptimal region 07 {Ficure 4), The strategy should be upgraded -
by the measurss which would stap the contrel aclisus in the optimal region of process performance.

Becunse of the comploxity of e majority of machining processes their models are hard Lo build.
It iz very important that sz much of e xisting knowledge abont the proeess as possble 13 taken
1o acoount. 1o our research the fhroe proposed strategies showed to be more or less suceessiul in
controlling fhie EDM process, In arder to use these steatcgies efficiently on the shep Hoor in real
industrisl cnvicontent e ideatilied shortcomings should be avoided, This can only by done by
taking inio account the cxisting knowledge from differont sources, Qur further rescareh work will
thercfare focus on the development of the adaptive controller ntegrating the straegicy abtained from
different zources of knowledge,
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