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The Mathematical Modeling and Computer
Simulation of Rotating Electrical Discharge
Machining

J. Kozak, Z. Gulbinowicz

Abstract— This paper studies the effect of the tool
electrode wear on the accuracy of the Rotating Elérical
Discharge Machining (REDM). Two mathematical
models of REDM are presented: the first one considge
machining with the face of the end tool electroderal the
second one considers EDM with the lateral side ohé
electrode. The software for computer simulation oEDM
machining with the side and face of the electrodelas
been developed. This simulation model for NC containg
EDM using rotating electrode may also be applied fotool
electrode path optimization. The experimental resus
confirm the validity of the proposed mathematical nodels
and the simulation software.

Index Terms - micro EDM, electrode wear, accuracy, rotating
electrode

I. INTRODUCTION

Today's manufacturing industries are facing chajén
from advanced difficult-to-machine materials (tougiper
alloys, ceramics, and composites), stringent

surface quality), and machining costs. The greatiyroved
thermal, chemical, and mechanical properties ofhthagerial

super-alloys, tungsten carbides, electrically catiga

engineering ceramics, polycrystalline diamonds é&the

material is removed by the thermal energy generhted
series of electrical discharges between the t@utelide and
workpiece immersed in the dielectric. There is need

contact between the tool and workpiece during thehiming
process. The workpiece can be formed, either blcetjon

of a shaped tool electrode or by 3D movement afrgple

electrode like in milling.

The fabrication of complex shaped multiple electr®d
used in the die-sinking micro and macro Electrizg@icharge
Machining (EDM) is expensive and time consuming. [1]
Moving a simple shaped electrode along designedpiatns
has been proposed as a solution to some of thekéeprs
[2]-[5]. A numerical control system enables the kmiece or
tool electrode to move a previously programmed .datkhis
way, very complex 2 or 3 dimensional shape accgrtbrthe
design requirement can be shaped.

However, the tool wear during machining adverséiycas
the accuracy of the machined components. The prolbole
tool wear in 3D micro and macro EDM using simplestd

desigiectrodes has been addressed by applying the raniiear
requirements (high precision, complex shapes, aigth h Method to maintain the electrode shape unchanget

an
compensate for the longitudinal tool wear [5]-[8].
Tool wear in EDM is characterized by the relative

(such as improved strength, heat resistance, vesistance, tool-electrode wear which is generally defined atsortool
and corrosion resistance), are making ordinary maup wear rate TWR which is the volume of tool material removed
processes unable to machine them economically. TRer unit time) to material removal ratelRR which is the

technological improvement of manufacturing attrésucan
be achieved by high efficiency Rotating Electribécharge
Machining (REDM: Electrical Discharge Grinding-ED&
Electrical Discharge Milling), Abrasive Electrodisrge
Grinding (AEDG), Rotary Electrochemical Arc/Dischar

volume of workpiece material removed per unit time)

TWR
= 1
MRF @

Depending upon the operating parameters of REDM, th

Machining — RECAM/RCDM or grinding using metallic relative wear may be 0.01-2. Changes in dimensisrieol
bond diamond wheels. These machining processesausélue to wear during machining is expected to reflacthe

rotating tool.

The Electrical Discharge Machining process is wideded
to machine complicated shapes with high accuracham
and advanced materials including hardened
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actual depth of cut and finally in the profile adidhensional
accuracy of machined parts.
Results of investigation of EDM with rotating elexde

steelgported in [9], [10] show a slope curvilinear pi@fof

bottom surface of machined groove due to the wéalisk
electrode. Controlling the path of electrode catuoe shape
error. In the paper [3] preliminary analysis of ghaerror
indicates that one of the main factors leadindape errors is
wheel wear. More extended study of this problemetasn
mathematical modeling and experiments is repomejd 1],
[12], where the general differential equation dissat
relationship between tool wear, initial and findlape of
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machined surface has been derived. Effect of wiveal on
dimensional accuracy of grinding is known from theof

tolerances. During machining of parts loaded togeth a
pocket, and in one pass of the rotary tool, hewhparts
achieved is random variable in the machined sete8an the
assumption of constant wear rate, uniform probigtilensity
function (PDF) has been obtained for height of nirsexh
parts [11].

In this paper, the two case of machining operatiares
taken for mathematical modeling: the first one &S
machining with the face of the tool electrode amg $econd
one considers EDM with the side of the electrodg. (.

Tool electrode

Workpiece

(b)

Fig. 1. Example of EDM using rotating tool electeoda)
machining with the face of end electrode, (b) maicigj by
the side of rotating electrode

In first case, the technique of integrating Unifovktear
Method with CAD/CAM software has been successful
generating very complex 3D cavities, it involvestime
consuming, empirical approach for selecting todhpaand
machining parameters. Therefore, it is necessatgvelop a
theoretical model which accounts for the effectaafl wear
on the surface profile generation during each pAssthe
number of passes can be very large, a correspoodinguter
simulation software simulation also needs to bestigped.

Il. MATHEMATICAL MODELLING OF REDM SHAPING BY END
TOOL ELECTRODE
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However, the longitudinal tool wear results in frefile of
machined surfacg = F(x), which is different frong(x).

y=g(x)
: \
Ty y=1(x) —V;
L —1 i
11 X
11
a(0); =
1 y=F(x)

Fig. 2. Principal scheme for mathematical modetihg
REDM by end tool electrode

The purpose of this mathematical modeling and cdempu
simulation is to determine surface proffle F(x), taking into
account the change in tool length which occurs wuée
wear of electrode. The final profile depends onuinp
parameters, such as depth of egtinitial profile y = f(x),
diameter of toolly and tool head path= g(x).

Let us consider the case of machining presentddgr2,
when the initial surface i = f(x) andg(x) = constant.

In determining the profile of machined surface, the

following assumptions are made:
- Changes in tool shape are neglected becausenifard
Wear Method is applying,

- The gap between tool electrode and workpiece is

neglected.
- Material removal rat®RRis equal:
MRR=(f (x) —F(x))[dg [V, (2

- and a tool wear ratEWR defined as the volume of tool
material removed per unit time, fgfx) = const is:

mZ
TwR= "o dF 3)
4 dt
or
2 2
rWRe 85 OF dx _ g dF @

whereV; is feed rate.

After substituting (2) and (4) in (1) for , the equation
describing the profile of machined surface takesotiowing
form:

-d—F+mF:mf(x)

Ind)< (5)
with initial condition is F(0) =—-a(0) (Fig. 2), where

m= is the wear factor.

Ty
In many cases it is possible to assume, that velatear
during machining is constantm(= const), i.e. it is not
dependent on the actual depth of cut. For this itiondand
for f(x) = O, the solution of (5) becomes:
F(x) = ~ag exp-my (6)
While considering accuracy, the profile is convetlie

The principal scheme of shaping using the end togpscribed in coordinates relative to required adliove,-a,

electrode process is presented in Fig. 2. Thealrptiofile of

workpiece is given by functiory = f(x). The electrode is h(X) =F ~(~ay) = ag[1- expt-mx)]

controlled to move along the tool head pathk g(x).

ISBN:978-988-18210-2-7

ie.:
(7

For more universal application of (6) a non-dimenali
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form of notations is used. The non-dimensionalaldgs are
defined ash = h/a, andx = x/L, whereL is the length of
workpiece. In non-dimensional form, (7) can be t&ritas:
h =1-exp- AX) (8)
L
ity
Profiles of machined surface obtained for differealues
of Aare presented in Fig. 3. As result of wear, thettdef cut
is decreasing and the tool wear rat@/R)is changing during

machining. For comparison in Fig. 3 the dashed (iiog
A = 1) represents the profile neglecting.

1 | | ! !

whereA=m([l =

O — — i
| b A= i 7
sl
_06 1 : :
(@) : ' d
] |
= 04p
0.2
00 0i2 0i4 0i6 0i8 1
| 40 |

Fig. 3. Profile of machined surfaces for differgatues ofA

In general case wheg = g(x), mathematical model of
REDM process is described as follows:
dF dg
— +mF =mf(x)+— 9
o 0+ ©)

with initial conditionF(0) = -ay.

determine the profile of generated surfgce F(x), taking
into account the change in tool diameter which cedue to
the tool wear of rotary tool during machining (F&). The
final surface profile depends on the input datahsas depth
of cutay, initial surface profiley = f(x), diameter of the todal,
and the curvilinear path of the center of tpal g(x).

For the modeling purpose the following assumptiaese
made:

- The inter electrode gapis constant and included to the
effective radius of tool i.eR=R(electrode)+s

- Actual depth of cuta, is determined by the position of
pointsA and B, which are point tangency of the tool ety
to the generated profile and intersection poirtheftool and
the initial profiley = f(x), respectively (Fig. 5).

- Feed rate along axisis significant lower in compare to

the feed rat&/; i.e. the value or? <<1.
X

- Changes in the tool shape along the axis of iortatre
neglected.

’ N
/ Ry /(2 RO
|f Y=d(X) v
c -
N A A B/ y=f

. R ~l e~
\\ dg s A/’/ a
h

/,TFF,(IX)

0 Xe=& X Xg=¢ L X

Fig. 4. Scheme of machining with curvilinear pathatating
tool

The machining accuracy may be improved by control After machining for certain timg the center of the tool has

motion of tool electrode. For example, the tool wean be
compensated by moving tool or workpiece algrgxis, to
obtain flat surface. In the case when initial scefas flat

f(x) = 0and the depth of cut is equ) the required flat shape
is F(X) = —a, Therefore, based on solution (9) the linear patMRR=albV; =[( f ({) - F(x)] 0b [V

of tool is needed, which can be described as faiow
y=9(x) = Hy —ag Inlk (10)
whereHj is initial position of tool head.

For machining with constant feed ratgalongx-axis, the
compensation of the tool wear can be obtained bingdhe
relative motion of the tool/workpiece with constéeéd rate
V, alongy-axis equal:

4 (8,
i,

V, =-a, MV, =- V, (11)

This theoretical conclusion about linear path oblto

electrode for compensation of wear has been coefiroy the
experiments [5].

Ill.  MATHEMATICAL MODELLING OF REDM SHAPING BY
LATERAL SURFACE OF TOOL ELECTRODE

reached the coordinate = ¢, the feed rate i¥(t) = V; and
the effective tool radius due to the weaR($).

The material removal ratdRRat % <<lis:

X

(12)

whereV; is the feed ratdy is width of workpiece and is
function ofx, ¢ =¢(x).

The coordinates of intersection poiBt(c, f(c)) can be

calculated from the relatiohC=BC (Fig. 5):

(x=&P +[F()-g(e)f =(c- &P +[t(c)-alf  @3)
The tool wear ratd WR is given by:

TWR= -277[b ER(t)G‘ll? (14)
Since

d_R = d_Rﬁ = d_R . (15)

dt dé dt dé

and according to the relation from Fig. 5,

R(t) =[g(¢) - F (] + (x- &) (16)

The principal scheme of shaping using the end todpe rate of change of tool radius can be expressed

electrode process is presented in Fig. 5. The erpd this

following:

mathematical modeling and computer simulation is to

ISBN:978-988-18210-2-7
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drR 1 dg dF dx dx example, a surface just obtained a machining psocgsle

—==[g(¢)-F(x] (—g———j+(x—{{——1j (17)  can be used as a starting surface for the next imiagh

operation).

The important feature of the software is the cdjghio
define relative tool wear as function of depth of.c

Input date is inserted in the overlap Data .Thedaws for
input data are shown in Fig. 5.

d R dé dxdéf dé

Substituting (12) and (17) into (1xand performing
transformation, the profile of machined surface dam
described by (18):
dF v F dé
_ — =

dx 2m g({)—F dx
_v._flg) d¢, dg_(x=¢) (1&)

2r g({)—F dx dx g({)—F dx

with initial conditionF = F(0) = g(0)-R(0).

Generally, the value of relative tool wear is degirg on
the depth of cuta=f(¢c)-F(x) i.e.v=v(a), and this
function can be only determined experimentally.

An additional equation to (18) and (13) can be \aati
from the condition for tangency of the tool to theofile
machined surface at the point A as follows:

[o()-FI = x-¢

The described above mathematical model can be insed
following processes: REDM/EDG (side EDM milling),

AREDM, RECAM/RCDM and grinding (in this case from . . . .
- L Results of simulation can be viewed in two wayblda of
definition of the G-ratiay =1/G). : . :
i coordinates of points of the workpiece surface 2Ddjraphs.
Based on the presented mathematical model, computer
simulation of evolution of workpiece profile can barried
out by using in-house developed software and twin taasks Dﬂ“ﬁlﬁl%?’?:» ﬂl
can be formulated: e e
(1) The tool pathg(x), and initial shape of surfacéx), are
known but the resulting shape of the machined sarf&x),
and needs to be predicted.
(2) For a required shape of the machined surfapg, the  _
tool path,g(x), needs to be determined in order to compensz *
for the tool wear.

(18)

Tool electrode
path g(x)

Tool electrode| |Initial surface
wear f(x)

A v g ol x
sl [ el :

o] G g | v )

(19)

Fig. 5. OverlafData

Arrange Al

0o 1mEDM4
0y ¥ 2mEDHS

==

These tasks have been solved numerically usingitiite
Difference Method and iterative procedure.
In many cases the changes in the radius and tezatites

Fig. 6. Different option of simultaneously presaitn of
results of many simulations

between coordinatesand (for points A and B, respectively)
are usually small when compared to the initial wadi
dé

™ O1and (18) will evolve in:
X
dF v F v

Therefore

Figure 7 shows an example of a graph of REDM maazhin

= 4+ 2 = f(x) +@ surface defined by function = a/(1+bsin(Z7&/A). The tool

dx  2m [g(x)— F] 2 [g(x)— F] dx path was given by(x) = Hy-ag+Ro = constant (in Fig. 7 is
This simplified mathematical model can be succdlgsfu shown shifted tool path to axi.

used to plan REDM operations and in solving the tinard Graphical results are presented

above two main tasks. Diagram, where:

Final profile is presented by red linerofile of workpiece

Initial profile-green lineinitial profile

Tool path-blue lineshifted tool path

(20)

in overlap window

IV. SOFTWARE FOR COMPUTER SIMULATION

The software developed in this study supports m®ce
design for the EDMM. The software is easy to usenmn
driven application allowing evaluating the effedtvarious
parameters on process performance.

Programming of kinematics of the tool electrode ban
achieved by supplying program with tool pathxidirection
described. Geometry of the surface at the beginmhg
machining can be defined in two ways:

- by supplying software with the surface equation,
y = f(x);

- by supplying software with coordinates of theface (for

ISBN:978-988-18210-2-7 WCECS 2009
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In Fig. 8 is shown simulation of REDM process with
compensation of tool wear. An effect of periodiclahinges in
the depth on final shape is appeared on machiméakcsu

Fig. 9. Comparison of theoretical and experimergalilts in
non-dimensional system coordinates. Setting paesigf =
to = 120us,n=200 rpm

Further experiments were carried out on EDIOS-16
machine tool using copper electrode with diamefet mm,
pulse on time 16Qis pulse off time 1Qs and the maximal
travel distances iX axis were 0-50 mm.

The machining conditions are shown in the Table 1.

Initial p‘mﬁle

Table 1. The machining conditions for experimemtsied
out on EDIOS-16

Fig. 8. The surface profile and tool path at EDMhwi

compensation of tool weaR{=10 mm,a,=0.6,v=0.3). Setting parametrs
Test t ao | U Ne TWR MRR
mn | mm | A| V| revmin|] mfmin | mnf/min
a 25 1 6| 90 600 0,033 9,077
V. EXPERIMENTAL VERIFICATION b 19 1,5 10| 50 2700 0,254 2780
The theoretical model and simulation results wenefied c 18 | 05| 5] 100 6000 1,954 3,262

in Rotary Electrical Discharge Machining (REDM) BI35K , ) , )
Mitsubishi, EDM - NC machine tool using electrodghy ~ EXPerimental results are compared with simulation
diameter of 8.2 and 18 mm. The range for workpiecgredictionin Fig. 10.

movement was 0-160 mm fox-axis. Experiments were

performed on tool steel material P233330 (HRC 58h w

copper electrode using the following process paterse

Pulse voltage o) 40V, Pulse current 55 and 120A, Pulse

on timet, = pulse off timet;: 60 and 12Qus, Depth of cuty:

1.2 and 1.5mm, Feed raig 0.15, 1.0, 2.0, and 6.0 mm/min,

Rotation speech: 200 rpm. For different combination of

setting parameters for verification used non-dirrere

system coordinateX = v x andY =l. The results
2 ay

are presented in Fig. 9.
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Fig. 10. Comparison of theoretical and experimergsiilts

Experimental
developed mathematical model and computer simmafo
overall average of 6 % (of the initial depth of)cdéviation
was found between simulation and experimental tesul

VI. CONCLUSION

9]
[10]

[11]

[12]

verifications show high accuracy of

The study showed a good agreement of theoretiodl an

experimental results of modeling of REDM procesbe T
developed software can be useful for analysis @ REDM
process, parameter optimization and surface piedict
Computer simulation of REDM has a significant pdiedrto
be used in industry.
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