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Abstract 
The proportion of abnormal sparks (abnormal ratio) and 

the sparking frequency are employed to monitor and evalu- 
ate the gap condition of the wire electrical discharge 
machining (WEDM) process on-line. The relationships are 
investigated between these two sensing parameters and 
wire breaking phenomenon, metal removal rate (MRR), and 
surface roughness of the machined part under various 
machining conditions. Based on the results, an adaptive 
control optimization (ACO) system is developed. Fuzzy rules 
based on operator experience and expert knowledge are 
constructed, and a multivariable and three-region fuzzy con- 
troller is designed and implemented. By regulating the servo 
feed and the pulse off-time in real time, the abnormal ratio is 
controlled at a predetermined value for optimum and stable 
machining, while at the same time the sparking frequency is 
kept under a critical value for wire rupture prevention. 
Experimental results demonstrate that the developed con- 
trol system results in very satisfactory performance. 

Keywords: WEDM, Wire Breaking, Adaptive Control, Fuzzy 
Controller 

Introduction 
Since the introduction of CNC wire electrical dis- 

charge machining (WEDM) machines to the market 
in the 1970s, the technology of servo feed control has 
been accelerated because of the need for improve- 
ments in machining speed and part quality. 
Conventionally, the servo feed control of EDM or 
WEDM processes is accomplished by taking the aver- 
age gap voltage as the only feedback signal. The dif- 
ference between this signal and a predetermined servo 
reference voltage is used to adjust the gap distance by 
driving the servo mechanism of the machine. Since 
the average gap voltage does not provide detailed 
information about normal discharge, arc discharge, 
and short circuit, the gap condition is not retrieved 
comprehensively. As a result, the control system may 
become unstable. Many adaptive control systems for 
EDM or WEDM processes have been developed over 
the years. They are categorized into two types. For the 
first type of system, the gap condition is controlled by 

employing simple algorithms based on the construct- 
ed data and knowledge base? s This type of control 
system can be applied to a wide range of machining 
conditions; however, a large memory space is needed 
to store experimental data. Also, because of the sim- 
ple control strategies the systems cannot respond 
promptly to gap condition when there is unexpected 
disturbance during the machining process. The second 
type of adaptive control system is developed by apply- 
ing modern digital control technologies such as sto- 
chastic control, model reference adaptive control, and 
fuzzy control strategy. The stochastic and adaptive 
control systems have quick response during machin- 
ing because the controller's parameters can be regu- 
lated according to on-line identification of the EDM 
process. 6~° However, the material removal process of 
WEDM or EDM changes drastically with machining 
conditions. Finding an approximated mathematical 
model for the complex process is difficult and time 
consuming. In addition, the transient behavior of this 
type of system is hardly predictable, and machining 
stability is not guaranteed. Recently, fuzzy control 
systems for the EDM process have also been develop- 
ed.n' ~z But the control targets for this type of control 
system are not closely related to MRR, surface quali- 
ty of the machined part, and so on. Thus, it is difficult 
for these control systems to specify the reference 
value of the control output. 

In addition to these two types of adaptive control 
systems, expert systems were also developed for con- 
trol of the WEDM process to improve machining 
speed without increasing the risk of wire breakage. ~3 
However, due to the large computation task resulting 
from the slow learning speed, an expert system does 
not work satisfactorily for on-line control of WEDM. 

The metal removal process of WEDM involves 
complex, stochastic, and time-varying characteris- 
tics. Moreover, the process features change drastical- 
ly with machining parameters. All these factors make 
the process very difficult, if not impossible, to be 
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described by a mathematical model. Hence, classical 
control strategy and modem control technology 
based on a well-defined (either deterministically or 
stochastically) mathematical model are not applica- 
ble. In addition, due to the stochastic nature of the 
process, even a highly skilled operator is unable to 
achieve optimal performance and avoid wire break- 
age as machining progresses. The objective of this 
paper is to develop a controller that not only can cope 
with the WEDM process, it can also simulate opera- 
tor and expert experience so as to maintain optimal 
performance without the risk of wire rupture. 

Fuzzy control theory can easily capture the 
approximate and qualitative aspects of human knowl- 
edge and can perform reasoning as well as simulate 
human intelligence for controlling a complicated 
process. The control strategy has been successfully 
applied to various industrial processes where mathe- 
matical models are ill-defined. 1.16 In this paper, a 
monitoring and adaptive control optimization (ACO) 
system based on the fuzzy logic strategy for WEDM 
is developed. Two sensing parameters are employed 
to monitor the gap condition by means of a comput- 
er-aided sparking frequency monitoring system. 
These two parameters are controlled at a desired state 
by regulating the feed and pulse off-time in real time 
for optimum, stable machining and wire rupture pre- 
vention. Experiments demonstrate that stable and 
high-speed machining can be obtained with the 
developed system. 

Experimental Setup and In-Process 
Evaluation of WEDM 
Sparking Frequency Monitoring 
and Control System 

A prototype WEDM machine, developed by the 
Mechanical Industry Research Laboratories (MIRL) 
of the Industrial Technology Research Institute 
(ITRI) in Taiwan, is employed. This machine con- 
sists of a power supply system, a dielectric regener- 
ation system, a computer numerical control system, 
a five-axis motion sy.stem, and a flushing device. 
The power unit consists of a low-power circuit and a 
high-power circuit. The low-power circuit leads the 
gap to discharge by supplying a low DC voltage of 
110 V, and the high-power circuit contributes to 
metal removal by supplying 220 V voltage. Gap sta- 
tus is monitored and discriminated by detecting the 
ignition delay time and level of gap voltage. A nor- 

mal discharge is determined when the instantaneous 
gap voltage is higher than a predetermined reference 
voltage after a pre-set delay time. On the contrary, 
an abnormal discharge (an arc discharge or short cir- 
cuit) is determined when the detected voltage is 
lower than the reference voltage.'7 Discharge current 
of this power system has a triangular waveform with 
a constant slope of 380 A/gs. Figure 1 shows the typ- 
ical gap voltages (top plot) and their associated cur- 
rent waveforms (bottom plot) of normal discharge, 
arc discharge, and short circuit from this machine. 
The adjustable parameters of this machine include 
pulse on-time, pulse off-time, feedrate override, 
wire speed, and wire tension. Their working ranges 
are listed in Table 1. The maximum machining speed 
that can be achieved under a suitable machining con- 
dition by a skilled operator is about 120 mm2/min. 

A network-type sparking frequency monitoring and 
control system is developed as illustrated in Figure 2. 
By using this system, the total number of sparks (Nt), 
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Figure 1 
Typical Gap Voltage and Current Waveforms of a WEDM Process 

(50 V/div for gap voltage, 100 A/div for gap current, 
time scale is 5 gs/div) 

Table l 
Adjustable Parameters of ITRI 's  WEDM Machine 

Items Range 

Pulse on-time 
Pulse off-time 
Servo reference voltage 
Feedrate override 
Wire feed 
Wire tension 

0.1 - 3.0 gs (30 steps) 
1.6 - 48 ps (30 steps) 
10 - 70 volts 
0 - 2 5 5 %  
0 20 m/rain. 
10 - 2500 gf  
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Figure 2 
WEDM Sparking Frequency Monitoring and Control System 

normal sparks (Nn), and abnormal sparks (Na) (com- 
posed of arc discharge and short circuit) in a specific 
sampling time (At) are detected. Correspondingly, the 
instantaneous total sparking frequency can be calcu- 
lated as Nt/At. The normal ratio and abnormal ratio are 
computed as Nn/Nt and Na/Nt, respectively. The sam- 
pling interval is adjustable within the range of 2 to 
65535 milliseconds. 

An IBM PC/AT-286 is used externally for compu- 
tation and control purposes. The RS485 interface card 
is used to handle the I/O (input/output) data and to 
communicate with the IPC (industrial personal com- 
puter) of the CNC unit through an RS232 port. All 
controllable parameters can be overwritten by the 
PC/AT-286 in real time. In the machining process, x-y 
position data is transferred from the IPC to the PC. 
Thus, the metal removal rate represented by machin- 
ing volume per unit time can be computed as: 
(machining length × thickness of the workpiece × 
kerf width) / machining time. By means of this moni- 
toring and control system, the relationship between the 
sensing parameters (that is, sparking frequency, aver- 
age gap voltage, normal ratio, and abnormal ratio) and 
the machining conditions (that is, wire breaking phe- 
nomenon, metal removal rate, and surface roughness 
of the machined part) can be investigated. 

Sensing Parameters vs. Metal 
Removal Rate and Surface Quality 

The symptoms reflected in the variations of pulse 
trains during the wire rupture process have been iden- 
tified by previous investigation. ~s Two types of wire 
breaking phenomenon are found. The first type is a 
sudden rise of total sparking frequency. The duration 
of deterioration ranges from 50 milliseconds to 2 sec- 
onds. This type of wire rupture often occurs when the 

machining parameter, particularly the pulse on-time 
or pulse off-time, is changed during the machining 
process. For the second type of wire breaking, the 
sparking frequency increases slightly and the abnor- 
mal ratio rises to 50% or more. The duration of pre- 
monitory symptoms lasts for 60 seconds or longer 
before wire rupture. This kind of wire breaking often 
takes place when a workpiece with a complex shape 
is machined or a workpiece is machined under a low 
flushing condition. According to these results, the 
sparking frequency and abnormal ratio can be used 
for on-line monitoring and evaluating the gap condi- 
tion of the WEDM process. The relationships 
between these two sensing parameters and metal 
removal rate with respect to feedrate when machining 
a SKD61 workpiece of 30 mm height are shown in 
Figures 3 and 4. As illustrated in Figure 3, there exists 
an inverse relationship between the normal ratio (or 
gap voltage) and feedrate. The MRR is increased first 
with the feedrate, and it reaches the maximum value 
when the abnormal ratio is 54%. Once the feedrate is 
increased to more than 1.2 mm/min, the MRR starts 
to decrease. The reason for decreasing MRR is due to 
a short circuit detection function designed by the 
machine tool builder. The table is withdrawn and the 
feed is commenced again instantaneously by the 
motion system of the WEDM machine when the total 
number of successive abnormal sparks reaches a spe- 
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Figure 3 
Relation Between Sensing Parameters and MRR with Respect to 

Feedrate (on-time: 500 ns; off-time: 11.2 ps; wire speed: 7 m/rain.; 
wire tension: 600 gf; flushing pressure: upper = 2 bars, 

lower = 2 bars; wire: copper [d) 0.25 mm])  
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cific value. Under the same machining condition, it 
was found that the surface quality of the machined 
part slightly deteriorates as the feedrate increases 
accompanied with the decrease of the normal ratio 
and gap voltage. Figure 4 shows the relationship 
between the sparking frequency and MRR with 
respect to feedrate. This figure indicates that the 
sparking frequency is proportional to MRR. Based on 
Figures 3 and 4, it is clear that the abnormal ratio 
should be kept within the range of 40% to 50% so that 
a stable and high metal removal rate state can be 
maintained. Similar relationships as those shown in 
Figures 3 and 4 are obtained when a SKD11 work- 
piece with different height is machined. According to 
some experimental results, the optimal value of the 
abnormal ratio ranges from 40% to 60% depending 
heavily on the pulse on-time of power settings. The 
higher the discharge energy, the higher the optimal 
value. For this machine, the abnormal ratios of 40% 
to 50% and 55% to 60% are found to be suitable for 
finish and rough machining conditions, respectively. 

M u l t i v a r i a b l e  a n d  M u l t i r e g i o n  
F u z z y  C o n t r o l l e r  

The objective of adaptive control of the WEDM 
process is to control the feed of the servo mecha- 
nism and the power settings in such a way as to 
maintain a high metal removal rate during roughing 
and optimal and stable machining during finishing, 
and to achieve good control performance when there 
is disturbance. In this section, a multivariable and 
three-region fuzzy controller that uses the abnormal 
ratio and the sparking frequency as controller input, 
and changes in both control parameters (that is, 
servo feed and pulse off-time) as controller output is 
proposed to solve the ACO problem of WEDM. The 
sparking frequency is proportional to MRR, and it is 
closely related to wire breaking. Thus, the operating 
condition is divided into safe, critical, and danger- 
ous regions depending on the level of the sparking 
frequency. In the critical and dangerous regions, 
control rules are designed to avoid wire rupture. In 
the safe region, control strategy should be taken to 
maintain stable machining and high metal removal 
rate. By regulating both the servo feed and the pulse 
off-time, the abnormal ratio is controlled at an opti- 
mal level while keeping the sparking frequency 
under a safe level for wire rupture prevention. The 
fuzzy control framework is depicted in Figure 5. In 

5O 
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Figure 4 
Relation Between Sparking Frequency and MRR with Respect to 

Feedrate (on-time: 500 ns; off-time: 11.2 ~ts; wire speed: 7 m/min.; 
wire tension: 600 gf; flushing pressure: upper = 2 bars, lower = 2 

bars; wire: copper [4 0.25 mm]) 

Figure 5 
Schematic Diagram for a Multivariable and Multiregion 

Fuzzy Controller 

addition to the use of error (e2) and change of error 
(ce2) of the abnormal ratio, error of the sparking fre- 
quency (el) is also used as an input to determine in 
which region the process is operating. The function- 
al relationship represented by such a fuzzy con- 
troller can be described as follows: 

Aul = [:1 (el, e2, ce~) (la) 

Au~ = Fz (el, ez, ce~) (lb) 

where F~ (.) and Fz (.) stand for the nonlinear rela- 
tionship of the fuzzy controller, and Aut and Au~ 
represent change in the feed control action and 
change in the pulse off-time control action, respec- 
tively. Detailed design considerations are given in 
the following. 

266 



Journal o)C Manufacturing Systems 
Vol. lT/No. 4 

1998 

According to the targets of the control system, the 
input variables of the fuzzy controller can be for- 
mally defined as follows: 

e l  ~--- 

e 2 ~ 

ce2 = 

sparking frequency error 
(reference sparking frequency - sparking 
frequency) * GE, 
abnormal ratio error 
(reference abnormal ratio - abnormal ratio) 
• GEz 
change of abnormal ratio error 
(current abnormal ratio error - previous 
abnormal ratio error) * GCE2 

where GEl, GE2, and GCE: are scaling factors and 
their values are found to be GE, = 0.25, GE2 = 10, 
and GCE2 = 8, respectively, in this case. The refer- 
ence frequency (YrO and reference abnormal ratio 
(Yrz) vary with the discharge energy. Their choices 
are to maximize metal removal rate under the con- 
straint of keeping the wire electrode in the safe oper- 
ating region. Taking the experimental results as 
shown in Figures 3 and 4 as an example, the optimal 
value of the abnormal ratio can be chosen as 40%. 
The corresponding mean sparking frequency plus 
three times the standard deviation of the sparking 
frequency can be taken as the reference sparking fre- 
quency, and its value is 30 kHz in this case. Three 
linguistic sets on the domains of definition of e,, 
namely Positive (P), Zero (ZO), and Negative (N), 
are specified. They correspond, respectively, to safe 
region, critical region, and wire rupture region. To 
reduce the computation task, five linguistic fuzzy 
variables for fuzzification of the input terms (e2 and 
cez) are specified. They are Negative Big (NB), 
Negative Small (NS), Zero (ZO), Positive Small 
(PS), and Positive Big (PB). Moreover, five linguis- 
tic variables of the change in control action (either 
Au, or Au2) are chosen as NB, NS, ZO, PS, and PB. 
The choice of these five fuzzy variables is a com- 
promise between easier implementation and sensi- 
tivity of the controller. The membership function of 
linguistic values of input (that is, e,, e2, and ce~) and 
output (that is, AUl and Au2) of the controller are 
illustrated in Figures 6a, 6b, and 6c, respectively. It 
is an isosceles triangle-shaped function because of 
convenient manipulation. Fuzzy inference rules for 
the multivariable and multiregion fuzzy controller 
are described as follows: 

-1 0 1 

(a) 

-2 -1 0 1 2 

(b) 

-2 -1 0 1 2 

(c} 

or c~ 

A~ or A~ 

Figure 6 
Membership Function Definition for the Fuzzy Controller 

(a) e,, (b) e2 or  ce~, (c) Au, or  Au2 

Ri " If e, is A, and e2 is B, and ce2 is G, then Au, 
is D, and Au2 is E1 

R,2(i_l)+nq_,)+, • If e, is Ai and e2 is Bj and cez is C,, 
then AUl is D~ and Auz is Em 

where Ai, Bj, C,, D~, and Em are linguistic values of lin- 
guistic variables el, e2, ce~, Au,, and Au~, respectively, 
with i = 1, 2, 3, and j, k, l, m = 1, 2...5, and n = 5 in 
this case. Based on the operator's experience and 
expert's knowledge, fuzzy rules for three-region fuzzy 
controllers are designed according to the following: 

1. When the sparking frequency is in the safe 
region (that is, e,: Positive), control action 
should be taken by rapidly increasing the feed- 
rate and decreasing the pulse off-time providing 
that the abnormal ratio is less than the predeter- 
mined value. If the abnormal ratio is larger than 
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the predetermined value, the pulse off-time 
should be increased and the feedrate should be 
slowly reduced to improve the bad gap condi- 
tion, thereby keeping the sparking frequency in 
the safe operating region. 

2. When the sparking frequency is in the critical 
region (el: Zero), the feedrate should be slowly 
increased, and the pulse off-time should remain 
constant providing that the abnormal ratio is less 
than the preset value. When the abnormal ratio 
reaches the predetermined level, the pulse off- 
time should be slightly increased and the feedrate 
should remain constant so that the sparking fre- 
quency will not reach the dangerous region. 

3. When the sparking frequency is in the dangerous 
region, control action should be taken by greatly 
increasing the pulse off-time and decreasing the 
feedrate for fear of wire breaking. 

The fuzzy control rules are given in Table 2. The 
max-min inference method is used to perform the 
fuzzy reasoning on the linguistic control rules. 19 The 
center-of-area method is employed for the purpose 
of defuzzification, and the method can be represent- 
ed by the following: 

H 

~,~to(uj)" uj 
A u  1 - J:~ x G U ,  

n 

~to(uj) 
)=1 

/1 

~p-E(vj)" vj 
A/d2 = j=l X G U  2 

n 

~_.gE(D)vj 
.i=1 

(2a)  

(2b) 

where in the above equations Au~ and Au~ are the 
output of the controller, uj and vj are the support val- 
ues at which the membership function reaches the 
maximum value of ~to (uj) and ge (vj), respectively, 
and n is the number of quantification levels of the 
output. 

The real control signals applied to the process can 
be calculated by the following: 

u, (kT) = u, ( (k-  1) 7) + Au, (k7) (3a) 

u2 (1,7) = us ((1,-  1) 7) + au ,  (kT) (3b) 

Table 2 
Fuzzy Rules for a Multivariable and Three-Region Fuzzy Controller 

el : POSITIVE 
Aul 

e2~ e2~ PB PS ZO NS NB 

PB PB PB PB PS PS 
PS PB PB PS ZO PS 
ZO PB PS ZO NS NS 
NS NS NS NS NS NB 
NB NB NB NB NB NB 

~b/2 
e2~ e2~ PB PS ZO NS NB 

PB PB PB PB NS NS 
PS PB PS PS ZO NS 
ZO PB PS ZO NS NB 
NS NB NS NS NS NB 
NB NB NB NB NB NB 

ej : ZERO 
Auj 

e2~ e ~  PB PS ZO NS NB 

PB PS PS PS NS NS 
PS PS PS PS ZO NS 
ZO PS NS ZO NS NB 
NS NB NS NS NS NB 
NB NB NB NB NB NB 

Au 2 
e2] "e2~ PB PS ZO NS NB 

PB ZO ZO ZO NS NS 
PS ZO ZO ZO ZO NS 
ZO NS NS NS NS NB 
NS NB NB NB NB NB 
NB NB NB NB NB NB 

el : NEGATIVE 
Au~ 

e2~ e2'~ PB PS ZO NS NB 

PB ZO ZO ZO ZO NS 
PS NS NS NS NS NS 
ZO NS NS NS NS NB 
NS NB NB NB NB NB 
NB NB NB NB NB NB 

Au 2 
e21 ~e~x" PB PS ZO NS NB 

PB NS NS NS NS NS 
PS NB NB NB NB NB 
ZO NB NB NB NB NB 
NS NB NB NB NB NB 
NB NB NB NB NB NB 

where u~ represents feedrate, us is defined as the rec- 
iprocal o f  pulse off-time (to), that is, us = 1~to, and kT 
is the kth sampling time instant. 
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E x p e r i m e n t a l  R e s u l t s  
An IBM PC/AT-286 microcomputer is used as the 

hardware for the proposed controller, and the control 
law is written in C language. The sampling time is 
chosen as 40 milliseconds. To verify the applicabili- 
ty of the developed monitoring and control system 
and the effectiveness of the proposed control law, 
three machining conditions (finish machining, 
rough machining, and changing set value during 
machining) encountered in actual industrial practice 
are examined. The experimental results are present- 
ed and discussed in the following subsections. 

Finish Machining 
It is well known that the purpose of finish machin- 

ing is to modify the residual stresses and thermal 
stresses arising from rough machining, reduce a 
recast layer, and improve surface quality and geo- 
metrical accuracy of the machined part. Therefore, 
besides the targets of the control system, variation of 

the feedrate control parameter (A~ during the steady 
machining state is also constrained to a narrow 
bound to keep a constant gap width. In this paper, the 
constraint is specified as: I Af t  -< 0.1 mm/min. 
Figures 7a-e show the time evolution of the process 
output, abnormal ratio, sparking frequency, and aver- 
age gap voltage, together with the time history of 
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Figure 7 
Time Evolution of (a) Abnormal Ratio, (b) Sparking Frequency, (c) Average Gap Voltage, (d) Feed, and (e) Off-Time with the Sparking Frequency 

Monitoring and Control System During Finish Machining 
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both controllers (that is, feedrate and pulse off-time) 
when a workpiece of SKD61 with a thickness of 30 
mm is machined under finish machining condition. 
Machining and controller parameters are Test No. 1 
given in Table 3. As illustrated in Figure 7a, the 
abnormal ratio is rapidly controlled from 25% to the 
optimal value (40%) within 150 seconds without any 
oscillation. Metal removal process of WEDM is 
much slower as compared with the servo mechanism 
of motion systems. If the feedrate and pulse off-time 
are adjusted too fast during transient machining state, 
the machining process will be unstable. As a result, 
the bad gap condition may cause surface damage and 
wire rupture. Thus, the rising time (150 seconds) 
shown in this figure is appropriate for controlling 
this process. The sparking frequency is kept under 
the safe level during machining, as shown in Figure 
7b. The corresponding average gap voltage is main- 
tained at a level of 45 volts during operating machin- 

ing condition, as shown in Figure 7c. Figures 7d and 
7e show, respectively, the time evolution of the fee- 
drate (/) and the pulse off-time with initial values of 
f =  0.3 mm/min, and to = 32 gts. As the state of the 
process reaches the predetermined operating condi- 
tion, both controller parameters are slightly regulated 
to achieve the desired machining state. 

Rough Machining 
Figures 8a-d show the time evolution of the 

process output, abnormal ratio, and sparking fre- 
quency, together with the time history of both con- 
trollers when a workpiece of SKD 11 with a thick- 
ness of 50 mm is machined under rough machining 
condition. Machining and controller parameters are 
Test No. 3 in Table 3. Figure 8a shows that the 
abnormal ratio is controlled from the initial level of 
40% to the desired level of 60% without any oscilla- 
tion. As shown in Figure 8b, the sparking frequency 
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Figure 8 
Time Evolution of (a) Abnormal Ratio, (b) Sparking Frequency, (c) Feed, and (d) Off-Time with the Sparking Frequency Monitoring and 

Control System During Rough Machining 
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Table 3 
Machining Parameters and Controller Parameters Used in Experiments 

Machining Parameters Controller Parameters 

Test No. On-time Wire Wire Flushing Pressure GU1 GU2 Yq Yr2 
speed tension upper lower 

[ns] [m/rain.] [gf] [bar] (x 10 -4) (x 10 4) [kHz] [%] 

1 500 7 800 2 2 1.8 0.8 30 40 
2 700 8 600 5 5 2 0.4 30 55 
3 1000 13 500 7 6 2 l 35 60 

is monitored and controlled in a safe region during 
machining. These two figures show that the desired 
high metal removal state can be maintained without 
causing unstable machining and wire rupture. The 
feedrate is regulated, and the pulse off-time is kept at 
the level of 19.2 gs, as illustrated in Figures 8c and 
8d, respectively. During the operating machining 
condition, the machining speed is kept at the level of 

100 mm2/min. This experiment demonstrates that 
the developed control system can be applied to the 
rough machining condition of the WEDM process 
without the risk of wire rupture 

Changing Set Value During Machining 
Figures 9a-d show the experimental results when 

a workpiece of SKD 11 with a thickness of 50 mm is 
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Figure 9 
Time Evolution of (a) Abnormal Ratio, (b) Sparking Frequency, (c) Feed, and (d) Off-Time with the Sparking Frequency Monitoring and 

Control System When the Set Value is Changed During Machining Condition 
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machined and the abnormal ratio is varied during the 
machining process. Machining and controller para- 
meters are given in Table 3 as well (Test No. 2). The 
abnormal ratio was changed from 55% to 50% at the 
time instant of 180 seconds, and after a predeter- 
mined duration (100 seconds) its value was set to 
55% again. Figure 9a demonstrates that the monitor- 
ing and control system can follow the change of set 
value, and the process can be recovered to the desired 
machining state through the adjustment of both con- 
trol parameters. Figure 9b shows that the sparking 
frequency is correspondingly changed when there is 
a change of the abnormal ratio during machining. Its 
value, however, is kept under a reference level with- 
out the risk of wire breaking. The time evolution of 
the feedrate and pulse off-time is shown in Figures 
9c and 9d, respectively. As shown in these two fig- 
ures, both control parameters can be automatically 
adjusted by the proposed control strategy to adapt the 
change of set value. This experiment proves that the 
proposed fuzzy control strategy has good tracking 
ability to follow the change of set value without caus- 
ing unstable machining and steady error. When a 
working path contains sharp corners, the servo feed 
and the pulse off-time are simultaneously adjusted by 
modifying the set value, similar to those in this 
experiment, so that wire breaking can be avoided 
during the machining of sharp angles. Therefore, 
appropriate action during the machining of a sharp 
comer can be taken by means of the developed mon- 
itoring and control system. 

For comparison purposes, control by using a con- 
ventional gap voltage control system with p-control 

method under the same condition of finish machining 
(Figure 7) is conducted. Figures lOa and 10b show 
the time evolution of average gap voltage and feed, 
respectively. By comparing Figure 7 with Figure 10, 
it can be seen that there is a steady state error of 10 
volts (the reference value is denoted by a dashed line). 
There is a large change of feed at the beginning of the 
experiment due to a fixed gain. In addition, feed 
shows chattering (high-frequency variation) behavior. 
Similarly, control under the condition of changing set 
point value during machining (Figure 9) is carried 
out. The results are shown in Figures l la  and llb. 
The same results as stated previously are observed. 
The overall comparison of the performance of the 
proposed control strategy with conventional gap volt- 
age control system using the p-control method is 
given in Table 4. It can be concluded that the devel- 
oped control system has better control performance 
than that of the conventional control method. 

Conc lus ions  
This paper reports a new sparking frequency 

monitoring and adaptive control system for the 
WEDM process. The fuzzy logic strategy has been 
selected to implement adaptive control optimization 
of the WEDM process. Experimental results illus- 
trate that the fuzzy controller is suitable for such an 
uncertain and complicated process where no mathe- 
matical equations can be deduced to describe it. The 
specific conclusions are listed as follows: 

1. The abnormal ratio and the sparking frequency 
not only can be employed to monitor and evalu- 
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Time Evolution of (a) Gap Voltage and (b) Feed for Gap Voltage Control System with P-Control Method During Finish Machining 

400 

272 



Journal ol Manu/acturing £)~'stems 
'v~}l. 17/I',Io. 4 

1998 

c~ 

(a) 

70 

60 

50 

40 

30 

t 
t ! 

I i ! i i i ~ w i , 
0 100 200 3 0 4~ 5C 

Time (sec.) 

.g 

E 
g 
¥ 

(b) 

2,1 
1.6 

0 . 8 ~  

m 

0.0 

I 

m 

F 
. . . .  ~ I tL ,  t i L L ,  | _ J ' ~ "  ~ - - i  . .  h .  

Time (sec.) 

Figure 11 
Time Evolution of (a) Gap Voltage and (b) Feed for Gap Voltage Control System with P-Control Method When the Set Value is Changed 

During Machining Condition 

Table 4 
Comparison of Gap Voltage Control System with P-Control Method and Sparking Frequency Monitoring and Control System 

Properties Gap Voltage Control System Sparking Frequency Monitoring and Control System 

Transient response Poor Good 
Tracking error Poor Good 
Machining stability Poor Good 
Control parameter Simple Fair 
Wire rupture prevention Poor Good 

ate the gap condition, they can also be used as 
control parameters for adaptive control of 
WEDM. 

2. A multivariable and three-region fuzzy con- 
troller is proposed to solve the ACO problems 
for WEDM. Experimental results demonstrate 
that stable, optimal, and high-speed machining 
can be achieved, while at the same time wire 
rupture can be prevented, by employing the 
developed sparking frequency monitoring and 
control system. The developed system increases 
the machining speed and improves the machin- 
ing stability, and it is better than the gap voltage 
control system with p-control method. 
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