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ABSTRACT

Electrical Discharge Machining (EDM) is a manufacturing process whereby a de-

sired shape is obtained by using electrical discharges. Material is removed from

the work piece by a series of rapidly recurring current discharges between two

electrodes, separated by a dielectric liquid and subject to an electric voltage.

The EDM process has several advantages over conventional machining processes,

key among them being the capability to machine very hard materials and cut

complex internal profiles. It is also used to machine micro-parts with high di-

mensional accuracy and surface finish. The EDM mechanism is however very

complex mainly due to the many machining parameters involved. The EDM

process has some disadvantages such as high rate of electrical energy consump-

tion, low material removal rate, high rate of tool wear and poor surface finish

when not properly controlled. These disadvantages have undermined the full po-

tential of EDM. Various researchers have used varied approaches with the aim

of optimizing the EDM process for improved efficiency and quality. However,

most of these researches have focused on optimization of at most two parameters

and have used either predictive neural fuzzy techniques or modeling approaches.

These approaches have not addressed the realtime control of the process which

could guarantee maximum machining efficiency and high surface quality. In view

of this, the main goal of this research was to study the EDM process with a view

to designing a fuzzy-based controller that is capable of improving the process’

performance by increasing material removal rate, lowering tool wear rate and im-

proving the quality of the surface finish. This would be achieved by optimizing

the gap voltage and the duty cycle in realtime.

First, a transistorized pulse generation circuit for an EDM machine at JKUAT

was developed. Then extensive experimental work was carried out to determine

the effects of gap voltage and duty cycle on material removal rate, tool wear

rate and surface quality for machining of aluminium, brass and medium carbon

xvi



steel. The data from the experimental results was then used in the creation of

data/knowledge base for the fuzzy logic inference system. Based on this data,

a Multi-Input Single-Output (MISO) adaptive controller for the optimization

of the spark gap voltage/discharge current and duty cycle was developed. The

optimization was achieved through the adjustment of the spark gap. The adap-

tive controller uses realtime monitoring and adjustment modules to detect any

changes in the machining parameters and give corresponding voltage control sig-

nals to optimize the machining process based on the set parameters and the rule

base created for the fuzzy logic controller. Thus the controller continually moni-

tors the actual machining parameters across the electrodes during machining and

compares the difference with the optimum values. It also monitors the rate of

change of the parameters. The difference between the measured and the opti-

mum values and the rate at which the difference is varying is used to compute

the input signals to the machine controllers. To test the performance of the pro-

posed controller, the MRR, TWR and surface finish of the machined part for the

controlled process were compared with those of the uncontrolled process. From

this study, it was demonstrated that, the fuzzy logic based adaptive controller

increased MRR by an average of 36.7%. Surface finish was improved by 54.5%

and MRR to TWR ratio was increased by an average of 12.9%.

The increase in MRR and MRR to TWR ratio through the use of the controller

makes the EDM process suitable for applications not only in cases where machin-

ing of hard materials is needed, but also where faster machining is required. The

application of the controller leads to higher productivity, reduced machining costs

and wider applicability of the EDM process. Moreover, improved surface quality

of the finished products makes the EDM process attractive for machining of dies

and molds which require high accuracy and surface quality. Potential beneficia-

ries of the results obtained in this research include EDM machine manufacturers

and specialized machining industries such as mold and die making industries.

xvii



C

INTRODUCTION

1.1 Background

Electrical discharge machining (EDM) is a specialized thermal machining process

capable of accurately machining of materials with different hardness or parts that

have complex shapes, which are difficult to machine using conventional mechan-

ical means. It is also a very desirable manufacturing process when machining

highly specialized fewer products or where high accuracy is needed and is, espe-

cially well-suited for cutting intricate contours or cavities that would be difficult

to produce using mechanical means such as grinding or milling. However, the

efficiency of the EDM process is low and as such, it is only used when the cost

and time of machining are not a major consideration. This is because there is

excessive tool wear and the material removal rate in EDM is very low when com-

pared to other machining processes [1]. An example of a case where EDM is

applied is when the material being machined is too hard to be machined by other

machining processes. Table 1.1 shows comparison of EDM process with other al-

ternative (subtractive) machining processes [2]. It gives the areas of application

of each process, its advantages and disadvantages.

Electrical discharge machining has been applied in a wide range of machining

processes, ranging from a simple means of making tools and dies to the best alter-

native of producing micro-scale parts with a relatively high degree of dimensional

accuracy and surface quality. Over the years, the EDM process has remained as a

competitive and economical machining option fulfilling the demanding machining

requirements imposed by the short product development cycles and the growing

cost pressures for specialized machining.

Electrical Discharge Machining (EDM) is arguably one of the most accurate man-

ufacturing processes available for machining complex or simple shapes and geome-

1



Table 1.1: Comparison between EDM and other alternative machining

processes

2



tries. The EDM process is illustrated in Figure 1.1. In the figure, the tool and

workpiece form the electrodes, one of which is positive and the other one neg-

ative. Across the electrodes, a pulsed DC voltage is applied. The workpiece is

submerged in dielectric fluid. The EDM process involves multiple parameters

that vary more often during machining. These parameters are; gap voltage, dis-

charge current, spark gap, discharge frequency and, material properties for the

electrodes and the dielectric medium. As a result of different combinations of

Movable electrode

Dielectric fluid

Power supply Tank

Servo control

Current
control

Rectifier

(+)

(-)

Workpiece

Figure 1.1: Illustration of the EDM process

input/machining parameters, the output parameters namely, electrode wear, ma-

terial removal rate and quality of the workpiece surface are different for different

workpiece and electrode materials. In order to minimize the wear of the elec-

trodes and increase the material removal rate, there is need for careful selection

of optimum machining parameters. This can be achieved by development of ac-

curate process model for use in conventional control. However, this is a difficult

task due to the presence of many machining parameters that vary rapidly and

simultaneously during machining. The problem is also compounded by the fact

that, for different materials, the same set of machining parameters may produce

different results. The few attempts that have been made to optimize the EDM

process include the use of predictive fuzzy logic, artificial neural networks, and

3



modeling approaches, which have not been very successful [3–6].

This research aimed at developing an adaptive fuzzy logic-based controller, able

to continually monitor and alter the machining parameters to achieve optimum

values depending on the prevailing machining conditions and the required output.

In order to be able to carry out the experimental work on the EDM machine at

JKUAT, it was necessary to redesign a pulse generation circuit that would allow

for smooth and independent adjustment of machining parameters over a wider

range than that provided by the existing Resistor-Capacitor (RC) type pulse

generator. The optimization was achieved by online monitoring of the machining

process and adjustment of the spark gap and the input machining parameters to

the optimum values, hence ensuring that the Material Removal Rate (MRR) was

maximized, Tool Wear Rate (TWR) minimized and the quality of the resultant

machining surface improved.

1.2 Problem statement

In electrical discharge machining, selection of the appropriate machining param-

eters has a significant effect on the process performance. This effect is on the

quality of the surface finish, material removal rate and electrode/tool wear ra-

tio. Poor combination of the machining parameters results in lower efficiency of

the process and vice-versa. The process outputs such as Material Removal Rate

(MRR), Electrode/Tool Wear Ratio (E/TWR) and the quality of surface finish

of the workpiece can be significantly improved by selecting optimum machining

parameters. In many cases, determining the best set of process parameters is

difficult and relies heavily on operators experience or reference books values [7].

This not only gives undesirable results, i.e., lower efficiency for the process, but

is also tedious. Additionally, this calls for high skills and experience for the op-

eration of the EDM machine.

There is, therefore, need for development of an adaptive controller that monitors

4



the machining process and adjusts the machining parameters to the optimum

values in realtime. This research was aimed at developing such a controller and

analyzing its effectiveness in optimizing the EDM process. The controller that

was developed was multi-input single-output. This is because there were more

than one input parameters and only one control signal was needed to control the

piezo for the adjustment of the spark gap.

1.3 Objectives

The main objective was to develop an adaptive fuzzy logic-based controller, for

realtime optimization of the machining parameters in electrical discharge machin-

ing process. This was achieved by attainment of the following specific objectives:

1. Development of a transistor-based pulse generator for an EDM.

2. Investigation of the effects of gap voltage and duty cycle (machining pa-

rameters) on the process outputs (MRR, TWR and surface finish).

3. Design of an adaptive controller for the optimization of the EDM process

in real time.

4. Carrying out experiments to test the performance of the adaptive controller.

1.4 Justification of the study

The existing control methods for the EDM process are limited in that, they are

unable to monitor and control the process parameters in realtime. This is due to

the fact that, the EDM process has multiple and rapidly changing parameters [8].

The Fuzzy Logic (FL) based adaptive controller that was developed boosted the

machining efficiency and improved process performance of the electrical discharge

machining. More specifically, it maximized material removal rate, reduced the
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electrode wear and improved on the quality of the surface for the finished prod-

uct. It also minimized the need for an experienced machine operator and at the

same time reduced the machining time significantly. Further, the research sought

to explore the avenue of adaptive control, hence it significantly contributed to

development of knowledge in the area of study and research.

1.5 Outline of thesis

This thesis contains five chapters. The first chapter provides an introduction to

the research by highlighting the existing problem, the objective and the scope

of the research work. Chapter 2 is a literature review on EDM process and

the various methods employed in the control of the process. In this chapter, the

theory of operation of the EDM process is also explained as well as the details into

the operation of fuzzy logic and its applications. In chapter 3, the methodology

used in the research is outlined. It details the design process for the transistorized

pulse generation circuit and how the experimental work was carried out. The last

item in this chapter is on the design of the controller for the EDM process. In

chapter 4, the results obtained in the experimental work are discussed at length.

The conclusion from the current research is given in chapter 5. In the same

chapter, recommendations to be implemented from the current research work

and for future research are also made. Finally, the appendix chapter gives the

circuit diagram for the initial design for the transistorized pulse generator and

the raw data that was obtained from experimental work.
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C

LITERATURE REVIEW

2.1 Introduction

The first section in this chapter discusses theory of operation of the EDM and

explains the parameters that are involved in EDM process. In the section that

follows, literature on research that has been done in optimization of the perfor-

mance of electrical discharge machining, with a view to identifying research gaps

is reviewed. Finally, a review of literature on fuzzy logic control is presented.

Fuzzy logic is later used in development of the adaptive controller for the control

of EDM process.

2.2 Theory of operation of EDM process

The EDM process works by thermally eroding material in the path of electrical

discharges that form an arc between a tool electrode and the workpiece. This

sparking phenomenon utilizes the widely accepted non-contact technique of ma-

terial removal [9].

Electrical discharge machining processes can be classified into two types: wire

and probe (die sinker). Wire EDM is used primarily for shapes cut through a

selected part or assembly. With a wire EDM machine, if a cutout needs to be

created, an initial hole must first be drilled in the material, then the wire can

be fed through the hole to complete the machining. Sinker (die sinking) EDMs

are generally used for complex geometries. In this case, the EDM machine uses

a machined electrode, usually, graphite or copper to erode the desired shape into

the part or assembly. Sinker EDM can cut a hole into the part without having a

hole pre-drilled for the electrode [10].
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2.2.1 Components of EDM and mechanism of material removal

The electrical discharge machining system consists of a tool or wire and the

workpiece as the electrodes. There exists a potential difference between the

workpiece and the tool. The workpiece is immersed in a dielectric (electrically

non-conducting) fluid which is circulated to flush away debris emanating from

the machining process. Most EDM machine electrodes can rotate about two to

three axes allowing for cutting of internal cavities or circular surfaces [11].

The material removal in EDM is by production of a rapid series of repetitive

electrical discharges. These electrical discharges are passed between an electrode

and the piece of metal being machined. The small amount of material that is re-

moved from the work piece is flushed away with a continuously flowing fluid. The

repetitive discharges create a set of successively deeper craters in the workpiece

until the final shape is produced. One limitation of EDM is that, the workpiece

material must be electrically conductive. Thus, it does not work on materials

such as glass or ceramic, or most plastics [11].

In a typical ram/sinker EDM process the tool electrode is made of graphite,

copper tungsten or pure copper which is machined into the desired (negative)

shape. This specially shaped tool electrode is connected to the power source,

attached to a ram, and is slowly fed into the workpiece as was shown in Figure

1.1. In the case of wire-EDM, a very thin wire serves as the electrode. Special

brass wires are typically used; the wire is slowly fed through the material and the

electrical discharges cut the workpiece. The wire does not touch the workpiece,

but the electrical discharges remove small amounts of material along the length

of the wire and allow the wire to be moved through the workpiece. The entire

machining operation for either sinker or wire EDM is usually performed while

submerged in a fluid bath. The fluid serves to flush the machined material away,

acts as coolant to minimize the heat affected zone (thereby preventing potential

damage to the workpiece) and when it deionizes, it acts as a conductor for the
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current to pass between the electrode and the workpiece.

2.2.2 Machining parameters of EDM process

Electrical discharge machining process has many input parameters that include

spark gap voltage, discharge current, pulse ON time, servo speed, spark gap and

flushing [10,12].

Spark gap voltage refers to the voltage applied between the electrode and work-

piece, while that which can be read across the gap during the spark current

discharge is referred as working gap voltage. Discharge current is the current

prevailing at the time of material removal, while pulse ON time is the duration

time of the EDM spark measured in microseconds.

Servo speed refers to the speed of the device that drives and controls the move-

ment of the quill or ram while spark gap is the distance between the electrode

and the workpiece when discharges are occurring. This distance is supposed to

be maintained at the required size to avoid short or open circuit. The last pa-

rameter in the list, flushing, refers to the removal of machined particles from the

machining zone.

The processes that occur during EDM are, sparking, open circuit, short circuit

and arcing. Sparking is where electric sparks are generated between two elec-

trodes when a high potential difference is applied across them while they are

separated by a narrow gap in a dielectric medium. Localized regions of high

temperatures are formed due to the sparks occurring between the two electrode

surfaces. Workpiece material in this localized zone melts and vaporizes. Most of

the molten and vaporized material is carried away from the inter-electrode gap

by the dielectric flow in the form of debris particles [10].

Open circuit refers to a situation where the tool distance of separation between

the electrode and the workpiece is more than the maximum gap required for
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sparking to occur. There is no potential difference between the tool electrode

and the workpiece and as a result, there is no sparking in this case and this

should be avoided since it leads to more machining time [13].

Short circuit occurs when the workpiece and tool electrode are in contact or their

separation distance is smaller than the minimum separation distance required.

This contributes to energy losses with no machining and should be avoided [13].

Arcing is an electric current that is brief, strong and highly luminous. An arc

is the luminous current discharge which is produced when strong current leaps

across the gap between the tool electrode and the workpiece. In EDM, this is an

undesirable process because as it occurs, no machining takes place.

2.2.3 Areas of application

The EDM process is most widely used by the mold-making tool and die indus-

tries, but is becoming a common method of making prototype and production

parts, especially in the aerospace, automobile and electronics industries in which

production quantities are relatively low [14]. The process has also recently been

applied even in micro-machining due to its mechanism of material removal, that

allows even micro-scale machining. Also, the material removal mechanism pro-

vides a host of other advantages over conventional machining processes. One

such advantage is that, the process can be used for machining of extremely hard

materials.

2.3 Optimization of EDM process

2.3.1 Experimental investigation and modeling approaches

A lot of research has been conducted on electrical discharge machining process.

Some researchers have focused on the experimental investigation of the influence

of various machining parameters on the process output, while some have gone

ahead and developed models for prediction of the optimum input parameters.
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Shabgard et al. [15] conducted experimental studies to investigate the influence

of electrical discharge machining input parameters on the output characteristics

of the EDM process. The process characteristics including machining features,

i.e., material removal rate, tool wear ratio, arithmetical mean roughness, and

surface integrity characteristics comprising of the thickness of white layer and

the depth of heat affected zone in machining of AISI H13 tool steel were investi-

gated. The experiments that were performed considered EDM input parameters

that included pulse on-time and pulse current. It was found out that, when ma-

chining AISI H13 tool steel, increase in pulse on-time led to increase in material

removal rate, surface roughness, as well the white layer thickness and depth of

heat affected zone. The research also found that increase in pulse current led to

sharp increase in the material removal rate and surface roughness. It was thus

concluded that maintaining constant level of discharge energy, high pulse current

and low pulse on-time led to reduction in the white layer thickness and depth

of heat affected zone on the surface of the machined workpiece. These results

could be useful in the design of a controller for the EDM process. However, this

investigation only focused on one material and may therefore not be sufficient to

make a generalized conclusion about the EDM process on all materials.

Carlo et al. [16] investigated and analyzed the effects of the electrodes metallic

materials (Ag, Ni, Ti, W) on the electrical measurements. Linear mixed-effects

models were fitted to the experimental data using the restricted maximum like-

lihood method. The main conclusion drawn was that the discharge current and

voltage as defined and measured in the framework depended on the electrode

material even when keeping all the other machining conditions unchanged. This

useful data can be used in the design of a controller for the EDM process.

A study on the determination of optimal cutting parameters in wire EDM where

a feed-forward neural network was used to associate the cutting parameters with

the cutting performance was conducted by Tarng et al. [5]. A simulated annealing
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(SA) algorithm was then applied to the neural network for solving the optimal

cutting parameters based on a performance index within the allowable working

conditions. Experimental results showed that the cutting performance of wire-

EDM would be greatly enhanced using this approach. The algorithm developed

in this study was purely predictive and assumed ideal invariable conditions, i.e.,

there was no change of parameters once they were set at the beginning of the ma-

chining simulation. However, this is normally not the case for the EDM process.

Scott et al. [17] investigated the effects of spark on-time duration and spark on-

time ratio, on the material removal rate (MRR) and surface integrity of four

types of advanced materials: porous metal foams, metal bond diamond grinding

wheels, sintered Nd-Fe-B magnets, and carbon-carbon bipolar plates. During the

wire EDM process, five types of constraints on the MRR were identified. These

were due to short circuit, wire breakage, machine slide speed limit, and spark

on-time upper and lower limits. An envelope of feasible EDM process parameters

was generated for each work-material. This process envelope was used to select

process parameters for maximum MRR and for machining of micro features. Re-

sults of Scanning Electron Microscopy (SEM) analysis of surface integrity showed

that the envelope was an effective tool in the selection of the EDM machining

parameters for maximum MRR and good surface finish in micro-machining. This

approach, however, was susceptible to inaccuracy due to the fact that, the process

is predictive and requires keying in of the parameters. It cannot also address vari-

ations in machining conditions which can only be provided by the incorporating

realtime monitoring and control.

Yongshun et al. [18] developed a geometric model of the linear motor driven elec-

trical discharge machining (EDM) process based on Z-map method. The model

was employed to calculate the minimum gap distance required for sparking to

occur and also analyze the possibility of spark generation between the workpiece

and electrode surfaces. The model then calculated the crater formed by a sin-
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gle spark. The final machined surface topography was then predicted by the

model. The influence of peak current and discharge duration on the average sur-

face roughness was also simulated. Experimental work was done to study the

effects of machining conditions and verify the effectiveness of the developed geo-

metric model. This research work focused on modeling the sparking phenomenon

and the machined surface topography and not on the optimization of the EDM

process, which is the subject of current research.

A study was conducted on the influence of silicon powder-mixed dielectric on con-

ventional electrical discharge machining by Pecas and Henriques [19]. The study

investigated the performance improvement of conventional EDM when used with

a powder-mixed dielectric. A silicon powder was used and the improvement was

assessed through quality surface indicators and process time measurements, over

a set of different processing areas. The results showed positive influence of the

silicon powder in the reduction of the operating time, required to achieve a spe-

cific surface quality, and in the decrease of the surface roughness, allowing the

generation of mirror-like surfaces. The main challenge of this approach is that it

did not address the issue of tool wear and material removal rate.

Zhang et al. [8] conducted an investigation on ultrasonic-assisted electrical dis-

charge machining (UEDM) in gas. The study focused on using ultrasonic waves

to improve the efficiency of electrical discharge machining in gas medium. In this

case, the tool electrode was a thin-walled pipe and the high-pressure gas medium

was applied from inside, while the ultrasonic actuation was applied onto the work-

piece. The workpiece material used in the experiment was AISI 1045 steel while

that of the electrode was copper. The experimental results showed that the MRR

increased with increase in open voltage, pulse duration, amplitude of ultrasonic

actuation, discharge current. Material removal rate also increased with decrease

in wall thickness of electrode pipe. Finally the experimental results showed that

the surface roughness increased with increase in open voltage, pulse duration, and
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discharge current. Based on experimental results, a theoretical model to estimate

the MRR and the surface roughness was developed. This research as mentioned

earlier was meant to develop a model to estimate MRR and surface roughness.

However, since the EDM parameters are rapidly and randomly varying, with-

out the advantage of realtime control, this approach would not achieve the best

achievable results.

The wire electrical discharge machining (EDM) of cross-section with minimum

thickness and compliant mechanisms was investigated by Scott et al. [20]. The

effects of EDM process parameters, particularly the spark cycle time and spark

on-time on thin cross-section cutting of NdFeB magnetic material, carbon bipolar

plate, and titanium were investigated. An envelope of feasible wire EDM process

parameters was generated for the commercially pure titanium. The application

of this envelope in selection of suitable EDM process parameters for micro feature

generation was demonstrated. Scanning Electron Microscopy (SEM) analysis was

done on EDM produced surface and debris. From the observations, a hypothesis

based on the thermal and electrostatic stress induced fracture was developed for

the explanation of limiting factors for wire EDM cutting of thin-sections. This

hypothesis was for cutting of thin sections only.

Bulent et al. [21] used a semi-empirical approach to model residual stresses in

EDM. Layer removal method was used to measure the residual stress profile as a

function of depth beneath the surface caused by die sinking type EDM. Cracking

and its consequences on residual stresses were also studied on samples machined

at long pulse durations. A modified empirical equation was developed for scaling

residual stresses in machined surfaces with respect to operating conditions. In

the model, a unit amplitude shape function that represented change in curvature

with respect to removal depth was proposed. The proposed form was special form

of a Gauss Distribution. It was the sum of two Gaussian peaks, with the same

amplitude and pulse width, but opposite center location. The form could also be

14



represented by three constant coefficients, which depended on the energy released

by a power function. This research targeted minimization of stress without any

regard to MRR and EWR.

Due to the fact that debris accumulation in the discharge gap cause a poor ma-

chining stability and low production efficiency, Jin et al. [22] set out to investigate

debris and bubble movements during electrical discharge machining. They estab-

lished a series of experimental devices using transparent materials to observe

debris and bubble movements. Based on the observations, the mechanism of

debris and bubble exclusion during consecutive pulse discharges was analyzed,

and the effects of the electrode jump height and speed on the debris and bub-

ble movements investigated. It was found that during an electrode down time,

the bubble expansion was the main factor that excluded the debris from the

space/gap between the electrode and the workpiece. At the beginning of consec-

utive pulse discharges, the bubbles rapidly excluded the debris from the gap. As

the discharge continued, the bubbles ability to exclude the debris became weak,

resulting in a debris aggregation in the gap and, thus, an unstable machining.

Finally, the results showed that, the electrode jump speed affected the mixing

degree of the debris and oil. The main challenge in this research was that, it in-

volved investigation of the debris removal without suggesting any improvements.

Nizar et al. [23] numerically studied thermal aspects of electric discharge ma-

chining process. The numerical results concerning the temperature distribution

due to electric discharge machining process were presented. From these ther-

mal results, the material removal rate and the total roughness were deduced and

compared with experimental observations. The comparison showed that, taking

into account the temperature variation of conductivity was of crucial importance

and gave the better correlations with experimental data. Again, this was a fact

finding mission without any intentions to optimize the EDM process.

Yih and Zhi [24] investigated electrode wear-compensation in electric discharge
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scanning process using a robust gap-control technique. Robust gap-control was

applied to compensate for electrode wear in an electric discharge scanning (ED-

Scanning) process. This control compensated for the wear, without reference

to the wear ratio of the electrodes. A proportional controller for a gap-control

system with maximal robustness was designed and robustly analyzed to override

the non-linear and time-varying feedback. The simulated and practical responses

of that robust gap-control system yielded favorable performances. The controller

maintained the location of the discharge on the vertical axis and fixed the depth of

the removal to that of a particular layer. The practical scanning process revealed

that, the dimension of a hole could be guaranteed only if the data concerning the

depth of removal under specific discharge conditions and electrode diameters were

applied. This research only focused on the electrode wear compensation without

regard to the other machining parameters of EDM process or the impact of the

gap compensation on the output parameters.

Seiji et al. [25] used a combination of capacitance and conductive working fluid

to speed up the fabrication of a narrow, deep hole in metals using electrical dis-

charge machining. This was done by use of a dielectric-encased wire electrode,

as opposed to the conventional pipe electrode. The role of the dielectric jacket

was to completely suppress unnecessary secondary discharges occurring between

the sidewalls of the wire and the fabricated hole. In this study, the effectiveness

of the combination of conductive working fluid and a capacitor connected to the

work piece and the tool electrode was examined. Although electrode wear was

severe, machining speed in this case was twice as fast compared with fabricating

a hole (without a capacitor and saline water in a 20 mm thick carbon steel block).

The biggest challenge in this research was the severe electrode wear ratio, which

is unacceptable.

Muniu et al. [26] investigated the applicability of diatomite powder-mixed dielec-

tric fluid in EDM process. In the research, the effect of diatomite powder sus-
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pended in distilled water was investigated using graphite as the tool electrode on

mild steel workpiece. The process parameters that were used were peak current,

pulse-on time and powder concentration. Results showed that the suspension of

diatomite powder in dielectric fluid improved the performance characteristics of

conventional EDM process. This research improved the EDM process but did

not provide the advantage of realtime control. Given that the EDM process has

rapidly varying parameters, realtime control would be required to optimize the

process regardless of the variation of the machining parameters.

In this section, it can be seen that from the literature that has been reviewed,

most researchers have investigated the effects of individual parameters on the

EDM process. None of the researchers from reviewed literature has attempted to

control the EDM process by online monitoring, or using an adaptive approach.

2.3.2 Parameter control approach

Tarng et al. [3] developed a fuzzy pulse discriminating system for electrical dis-

charge machining. The development used fuzzy set theory to construct a new

pulse discriminator. The classification of various discharge pulses in EDM was

based on the features of the measured gap voltage and gap current. To ob-

tain optimal classification performance, a machine learning method based on a

simulated annealing algorithm was adopted to automatically synthesize the mem-

bership functions of the fuzzy pulse discriminator. Experimental results showed

that, EDM discharge pulses could be correctly and quickly classified under vary-

ing cutting conditions using this approach. Notable is that, this research did not

investigate other parameters such as duty cycle which are key and need to be

optimized for maximum efficiency of the EDM process.

Kun et al. [27] conducted a study on improvement of surface finish on SKD steel

using electro-discharge machining with aluminum and surfactant added dielec-

tric. In the study, the effect of surfactant and Aluminium powders added in the
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dielectric on the surface status of the workpiece after EDM was investigated. It

was observed that, the best distribution effect was found when the concentra-

tions of the aluminium powder and surfactant in the dielectric are 0.1 and 0.25

g/L, respectively. An optimal surface roughness (Ra) value of 0.172 μm was

achieved with the parameters being, positive polarity, discharge current of 0.3

A, pulse duration time of 1.5 ms, open circuit potential of 140 V, gap voltage

of 90 V and surfactant concentration of 0.25 g/L. The surface roughness status

of the workpiece was improved up to 60% as compared to that machined under

pure dielectric with high surface roughness (Ra) of 0.434 μm. This was a good

achievement, but the research only focused on optimization of machining of only

one material and hence the results could only be applied for the specific material

under investigation.

An investigation on the near dry EDM process was conducted by Kao et al. [28].

This process used liquid-gas mixture as a two phase dielectric fluid. This had

the benefit that, the concentration of the liquid and properties of the dielectric

medium could be tailored to meet desired performance targets. A dispenser for

minimum quantity lubrication (MQL) was used to supply a certain amount of

liquid droplets at a controlled rate to the gap between the workpiece and the

electrode. Wire EDM cutting and EDM drilling were investigated under the wet,

dry, and near dry conditions. The mixture of water and air was the dielectric fluid

used for near dry EDM. The near dry EDM showed advantages over the dry EDM

in higher MRR, sharper cutting edge, and less debris deposition. Compared to

wet EDM, near dry EDM had higher material removal rate at low discharge en-

ergy. However, the near dry EDM placed a higher thermal load on the electrode,

which led to wire breakage in wire EDM and increased electrode wear in EDM

drilling. From this research, a mathematical model was also developed to quanti-

tatively correlate the water-air mixture’s dielectric strength and viscosity to the

gap distance. In the model, it was assumed that the gap distance consisted of the
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discharge distance and material removal depth. The model was able to predict

the dielectric strengths of various water-air mixtures. This research focussed on

the dielectric fluid whereas the effects of variation of machining parameters were

not taken into account. Further, since the research was aimed at developing a

model, the end result would need further work to cater for the random nature of

the EDM process.

More recently, Byiringiro et al. [4, 6], developed a tunable fuzzy logic controller

(FLC) for monitoring and control of micro-electro discharge machining process

which used the behavior of discharge pulses. The control parameters included gap

voltage and gap current pulses. Experiments were carried out in order to distin-

guish and classify the pulses through measurement and analysis of the gap pulses’

characteristics. The pulses were then classified into open, sparking, arcing, off

and short circuit. The classified pulses were input into the FLC which drove the

servo-system maintaining the desired gap width. The simulated results showed

that the FLC was able to provide stable machining and improve the micro-EDM

process. On this research, and as recommended by the researchers, further work

needed to be done to test the FLC on the EDM process and also take into account

the rate at which the EDM process parameters change.

2.3.3 Summary of the gaps identified in the review

As seen from the literature, the negative effects of the rapid and random variation

of the machining parameters from the set optimum values on the quality of the

machined product, MRR and TWR have necessitated research work in this area

over the years. However;

(i) most of the previous approaches have only investigated the effects of various

parameters on the quality of the machining process, without suggesting any

remedy.
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(ii) other approaches have only tried to optimize certain or some of the param-

eters and for certain materials only, and,

(iii) some of the approaches have used predictive techniques that only give values

to be used later in the processes, thereby, failing to give an opportunity for

real time control.

In view of the literature that has been reviewed, it can be concluded that the

process of optimization of the EDM process requires an approach that is capable

of dealing with rapidly and randomly varying parameters that are simultaneously

and continuously varying. So far, no such approach has been presented. One such

approach is the design of a multi-input single-output adaptive controller that is

able to monitor the machining process parameters and adjust them to the de-

sired values in real time. Depending on the measured machining parameters, the

controller is able to predict a likely occurrence of undesirable machining condi-

tion such as short or open circuit and adjust the machining parameters in such a

way that it avoids the occurrence of the undesirable machining condition. This

research work was aimed at developing such a controller. A fuzzy logic control

approach whose literature is presented in section 2.4 was used for the development

of the controller.

2.4 Control problem

2.4.1 Background

The design of modern control systems is characterized by stringent performance

and robustness requirements and therefore, relies on model-based design meth-

ods. This raises a strong need for effective modeling techniques. Many systems

are not amenable to conventional modeling approaches due to strongly nonlinear

behaviour and lack of precise knowledge of the process under study. Nonlinear

identification and control is therefore becoming an important tool which can lead
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to improved control systems along with considerable savings of time and cost.

Among the different nonlinear control techniques, methods based on fuzzy sets

are gradually becoming established [29].

Adaptive control is a method of designing a controller with some adjustable

parameters and an embedded mechanism for adjusting these parameters [30].

Adaptive methods have been used mainly to improve online controller’s perfor-

mance [31]. For each control cycle, the adaptive algorithm is normally imple-

mented in three basic steps, namely,

1. Observable data is collected to calculate the controller’s performance.

2. The controller’s performance is used to calculate the adjustment to a set of

controller parameters.

3. The controller’s parameters are then adjusted to improve the performance

of the controller in the next cycle.

Normally, adaptive controllers are designed based on non or semi modeling ap-

proaches such as hybrid fuzzy logic approaches. The hybrid fuzzy logic approach

uses the heuristic nature of fuzzy based systems to build adaptive controllers [30].

Figure 2.1 shows block diagram representation of an adaptive controller.

2.4.2 Fuzzy logic

Fuzzy logic has two different meanings. In a narrow sense, fuzzy logic is a logical

system, which is an extension of multi-valued logic. However, in a wider sense,

fuzzy logic is almost synonymous with the theory of fuzzy sets, a theory which

relates to classes of objects with un-sharp boundaries in which, membership is a

matter of degree [32].

The word fuzzy is used to describe terms that, are not well-known, or are not
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Figure 2.1: Block diagram representation of an adaptive controller

clear enough, or whose closer specification depends on subjectivity, estimation,

and even the intuition of the person who is describing them. In everyday life,

there are many situations characterized by a certain degree of ambiguity whose

description includes terms and expressions such as majority, many, several, not

exactly, or quite possible, all of which can be qualified as fuzzy terms. On the

other hand, terms like false, true, possible, necessary, none, or all reflect crisp

meanings, and in such a context, represent exact terms [33].

The mathematics of fuzzy set theory, and by extension fuzzy logic were developed

in 1965 by Zadeh [34]. New operations for the calculus of logic were proposed,

and were in principle, a generalization of classical logic [35]. This theory proposed

making the membership function (or the values False and True) operate over the

range of real numbers [0.0, 1.0]. The notion central to fuzzy systems is that truth

values in fuzzy logic or membership values in fuzzy sets are indicated by a value in

this range, with 0.0 representing absolute Falseness and 1.0 representing absolute

Truth [36].

There is a distinction between fuzzy systems and probability [37]. Although
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both operate over the same numeric range, and at first glance, both have similar

values: 0.0 representing False (or non- membership), and 1.0 representing True (or

membership), there is a difference between the two theories in that the probability

theory indicates the chances of an event happening, while the fuzzy set theory

indicates the extent to which the event will occur.

Fuzzy logic control refers to a technique of embodying human thinking into a

control system. Fuzzy logic controllers are designed to emulate human deductive

thinking, that is, the process people use to infer conclusions from what they

know [32].

Fuzzy logic systems are rule-based systems in which an input is first fuzzified, that

is, converted from a crisp number to a fuzzy set, and subsequently processed by

an inference engine that retrieves knowledge in the form of fuzzy rules contained

in a rule-base. The fuzzy sets that are computed by the fuzzy inference as the

output of each rule are then combined and defuzzified, that is, converted from a

fuzzy set to a crisp number. A fuzzy logic system is a nonlinear mapping from

the input to the output space [38].

2.4.3 Fuzzy IF-THEN rules and fuzzy inference systems

Fuzzy IF-THEN rules or fuzzy conditional statements are expressions of the form

”IF A, THEN B”, where A and B are labels of fuzzy sets that are characterized

by appropriate membership functions [34]. Due to their concise form, fuzzy IF-

THEN rules are often employed to capture the imprecise modes of reasoning that

play an essential role in the human ability to make decisions in an environment of

uncertainty and imprecision [39]. An example that describes a simple fact is IF

pressure is high, THEN volume is small, where pressure and volume are linguistic

variables, high and small are linguistic values or labels that are characterized by

membership functions. Another form of fuzzy IF-THEN rule, proposed by Takagi

and Sugeno [40], has fuzzy sets involved only in the premise part. By using Takagi
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and Sugeno’s fuzzy IF-THEN rule for example, the resistant force on a moving

object can be described as:

IF velocity is high, THEN force = k(velocity)2

where, again, high in the premise part is a linguistic label characterized by an

appropriate membership function. However, the consequent part is described by

a nonfuzzy equation of the input variable, velocity. Both types of fuzzy IF-THEN

rules have been used extensively in both modeling and control.

Fuzzification 

Interface

Defuzzification 
interface

Database Rule base

Decision making unit

Crisp

Input
Crisp
output

(Fuzzy)(Fuzzy)

Figure 2.2: Fuzzy inference system (FIS)

Through the use of linguistic labels and membership functions, a fuzzy IF-THEN

rule can easily capture decision making capability of humans [30]. Also, due to

the qualifiers on the premise parts, each fuzzy IF-THEN rule can be viewed as a

local description of the system under consideration. Fuzzy IF-THEN rules form

a core part of a fuzzy inference system.

Fuzzy inference systems are also known as fuzzy-rule-based systems, fuzzy models,

fuzzy associative memories (FAM), or fuzzy controllers when used as controllers.

A fuzzy inference system is composed of five functional blocks as shown in Figure

2.2 [30]. The functional blocks are as follows:

1. A rule base containing a number of fuzzy IF-THEN rules.
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2. A database which defines the membership functions of the fuzzy sets used

in the fuzzy rules.

3. A decision-making unit which performs the inference operations on the

rules.

4. A fuzzification interface which transforms the crisp inputs into degrees of

match with linguistic values.

5. A defuzzification interface which transforms the fuzzy results of the infer-

ence into a crisp output.

Usually, the rule base and the database are jointly referred to as the knowledge

base. The steps of fuzzy reasoning (inference operations upon fuzzy IF-THEN

rules) performed by fuzzy inference systems are [40]:

1. Compare the input variables with the membership functions on the premise

part to obtain the membership values of each linguistic label. This process is

often called fuzzification.

2. Combine the membership values on the premise part to get firing strength or

weight of each rule through a specific T-norm operator.

3. Generate the qualified consequent of each rule depending on the firing strength.

4. Aggregate the qualified consequents to produce a crisp output.

Several types of fuzzy reasoning have been proposed in the past [41]. Depending

on the types of fuzzy reasoning and fuzzy IF-THEN rules employed, most fuzzy

inference systems (FIS) can be classified into three types as shown in figures

2.3 through 2.5. In these figures a two-rule two-input fuzzy inference system is

utilized to show the different types of fuzzy rules and fuzzy reasoning. In figures,

μ is the degree of membership and U(A,B,C) is the universe of discourse, while
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A, B and C represent the membership functions. Also, wi represents the i
th rule’s

firing strength.

μ A1

X

x y

μ A2

X

μ

Y

μ B1

B2
μ

Z

C2

Y

μ C1

z1

z2

Z

w1

w2

Min or
product

w1z1 + w2z2z = w1 + w2

Weighted averageInput Input

Figure 2.3: Type 1 FIS

1. Type 1 FIS: The overall output is the weighted average of each rules crisp

output induced by the rule’s firing strength. It is obtained as the product

or minimum of the degrees of match between the premise part and the

output membership functions. The output membership functions used in

this scheme must be monotonic functions [41]. This type of FIS is illustrated

in Figure 2.3. In this figure, the output is given by z.

2. Type 2 FIS: The overall fuzzy output is derived by applying ‘max’ oper-

ation to the qualified fuzzy outputs. Various schemes have been proposed

to choose the final crisp output based on the overall fuzzy output; some

of them are centroid of area, bisector of area, mean of maxima, maximum

criterion, etc [41]. This type of FIS is illustrated in Figure 2.4, in which y*

represents the crisp output.
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μ

Input(i)

μ μ

μμ

μ

y

x1 x2
y

y

x1 x2

Rule 1

Rule 2

A11 A12 B1

A21 A22 B2min

min

Input(j)

Input(i) Input(j)

y*

μ

Figure 2.4: Type 2/Mamdani FIS

3. Type 3 FIS: In this type, Takagi and Sugeno’s fuzzy IF-THEN rules are

used. The output of each rule is a linear combination of input variables

plus a constant term, and the final output is the weighted average of the

rules’ outputs [42]. Figure 2.5 illustrates this type of FIS, in which p, q and

r are constants, and the output is given by z.

From the information given, it can be noted that most of the differences

in the fuzzy inference systems are in the specification of the consequent

part, which may be monotonically non-decreasing, bell-shaped, trapezoidal

or triangular membership functions, or crisp function and thus the defuzzi-

fication schemes are also different. However, the inference systems’ outputs

are defuzzified into crisp outputs and the output is always crisp, no matter

the inference system used.
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X
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Min or
product

w1 z1 = p1 x + q1y + r1

z2 = p2 x + q2y + r2

w1z1 + w2z2z = w1 + w2

Weighted average

Y
μ A2

X

x y

μ B2

w2

Y

Input Input

Figure 2.5: Type 3/Takagi-Sugeno FIS

The most widely used inference mechanisms are the Mamdani and Takagi-Sugeno

inference mechanisms. The Mamdani inference mechanism is used where there

is need to capture human knowledge, while Takagi-Sugeno is used in nonlinear

control due to its ability to model nonlinear processes [43].

In the current research, Mamdani FIS is employed to model the EDM control

problem. This is because most of the data that is available for the control of the

EDM process could easily be expressed in statements form. Also, implementa-

tion of this type of control in LabVIEW is possible without need for additional

softwares toolkits as compared to Sugeno FIS.
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C

METHODOLOGY

3.1 Introduction

This chapter outlines the procedure that was followed to effectively achieve the

design testing and implementation of the fuzzy logic (FL) based adaptive con-

troller for the EDM process. The first section describes the initial approach

aimed at designing a transistorized pulse generation circuit for an EDM machine

at JKUAT Engineering workshops for use together with the FL based adaptive

controller. The machine at JKUAT had been designed with a Resistor-Capacitor

(RC) circuit for pulse generation, but required modification to use transistor-

ized pulse generation circuit which provides the advantage of increased flexibility,

thus allowing a wide range of machining parameters and a smoother operation.

In this approach there were a few challenges that resulted from limited time and

resources such as test equipment that were to be used together with the EDM

machine. Due to these challenges, a second approach was adopted. This in-

volved the use of the FL based adaptive controller to control an EDM machine at

Technical University of Chemnitz (TU Chemnitz), Germany. The test equipment

that were needed for this research work were readily available in TU Chemnitz

laboratories.

3.2 Design of transistorized pulse generation circuit for EDM

This section details the process of development of the transistorized pulse genera-

tion circuit that was designed for use with EDM machine at JKUAT engineering

workshops. The machine had been designed with a Resistor-Capacitor (RC) cir-

cuit for pulse generation. The RC type of pulse generator does not allow for

a wide range of operating parameters and flexibility in adjustment. Therefore,

a transistorised pulse generation circuit that would allow for a wide range of
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operating parameters, flexibility and smooth operation was designed [44]. The

performance of the transistorised pulse generation circuit on the EDM was also

tested. The EDM machine is shown in Figure 3.1.

Figure 3.1: EDM machine based on RC pulse generation

3.2.1 Design considerations for the transistorized pulse generation

circuit

The design process for the pulse generation circuit was guided by the requirements

of the machining process. The main parameters that needed to be variable were:

• the frequency of the pulses during machining,

• the gap voltage, that is, the DC voltage that is applied between the tool

electrode and the workpiece for machining needed to be adjustable,

• the duty cycle. For the pulse signal, there was need for design of controls

that would enable the duty cycle to be adjusted.
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There were two designs for the transistorized pulse generation circuit. The first

one was based on a 555 timer, where the timer generated square wave signals

(square pulses) that were needed for switching on and off the power transistors.

It also included provisions for adjustments of both the duty cycle and frequency

of the pulses.

Metal Oxide Semiconductor Field Effect Transistors (MOSFETs) which are semi-

conductor devices with three terminals (Emitter, Collector and Gate) were chosen

for use in this circuit because they can handle high amounts of power and have

high switching speeds. The MOSFETs are voltage controlled and can handle

high current and wide load variations, allowing very fast switching with ease of

control. A photograph of the 555 timer based circuit is shown in Figure A.1 and

its schematic is shown in Figure A.2 in Appendix A. This circuit generated pulses

with a frequency of up to 1 kHz, and was simple.

The 555 timer based circuit performed fairly well, but it presented challenges in

that, when frequency was adjusted the duty cycle was also altered. Similarly,

when the duty cycle was adjusted, the frequency was altered. Thus, it was not

possible to independently adjust the frequency without altering the duty cycle

and vice versa.

These shortcomings of the 555 timer based circuit brought the need for another

approach in the design of the pulse generation circuit whose duty cycle and fre-

quency could be independently adjusted. Thus, a second circuit was designed

based on an Arduino� Atmega 328P microprocessor. This microprocessor was

chosen because it is easy to program and provides more versatility. The micro-

processor also provides higher accuracy and independent control of the necessary

parameters as compared to 555 timer [45]. The Arduino� microprocessor was

used to generate the required pulse signal from its in-built oscillator. Figure 3.2

shows a photograph of the pulse generation circuit that was fabricated. It has

five sub-circuits which are all connected and communicate with each other. The
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circuits in the figure are; stepper motor driver circuit for control of the stepper

motor, graphical user interface circuit for human interaction, gap control circuit

for the control of the spark gap and DC power supply circuit for supply of the

machining pulsed DC voltage.

Figure 3.2: EDM control and pulse generation circuit based on Arduino

Atmega 328P microprocessor

1. Graphical user interface circuit

To be able to input data for the control of the sparking process of the EDM

and view the machining parameters, a graphical user interface (GUI) circuit

was developed. This circuit is shown in Figure 3.3. The adjustment of the

machining parameters for the EDM process such as frequency, duty cycle,

machining voltage is done through the GUI.
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2. Pulse generation and gap control circuits

A pulse generation and gap control circuit for control of firing of the tran-

sistors was developed. The schematic diagram of this circuit is shown in

Figure 3.4. The pulse generation circuit generates a frequency of between 0

Hz and 10 kHz which controls the firing of the MOSFET. The circuit uses

an Arduino Atmega 328P microprocessor for pulse generation. It generates

square pulses with independently controllable frequency and duty cycle by

use of potentiometers.

The microprocessor reads frequency and duty cycle values that are input

from either the keypad or potentiometers and generates the necessary pulse

signals to drive the MOSFET. The potentiometers override frequency and

duty cycle values input through the keypad.

On the other hand, the gap control section of this circuit measures the gap

voltage, compares it with some preset threshold and determines if a short

or open circuit is likely to occur or has occurred. Preliminary experimental

work was done and it was found that, short circuit occurred if the measured

voltage is below 5% of the applied machining, hence the motor direction is

reversed so that the tool can retract until the value of the measured voltage

is above 5% of the applied voltage.

In the same preliminary experimental work, it was also found that an open

circuit occurs for gap voltage above 95% of the applied voltage. Therefore,

when this percentage voltage is attained, the motor moves the tool down-

wards until the value of the measured voltage is below 95% of the applied

DC voltage.
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3. DC power supply circuit

The circuit shown in Figure 3.5 rectifies the mains supply of 240 V AC

and provides a DC output voltage that is required for the material removal

process. The DC voltage has range of between 0 V and 100 V. This range

was chosen because it reflects the normal operating range of macro EDM

machines and also due to limitations of the electronics that were available

in processing higher voltages. The adjustment of the open circuit gap volt-

age is done by a knob on a variable transformer (Variac) that is used to

supply AC voltage to the power circuit. When the MOSFET is powered, it

provides a square wave signal. The parameters of this square wave signal,

i.e., frequency and duty cycle are controlled by the rate and sequence of

firing of the MOSFET which is in turn controlled by the pulse generation

circuit.

4. Stepper motor driver circuit

The stepper motor driver circuit powers the stepper motor based on the

set speed and the input from the gap control circuit. Depending on the

nature of signals from the gap control circuit, the motor will move either

in the forward or reverse direction and at the commanded speed. The

stepper motor speed can also be manually adjusted for rapid movements.

The manual override is done by means of a potentiometer. The circuit is

shown in Figure 3.6. It consists of bridge circuit for rectification and a main

circuit which has a set of transistors that are used for switching to supply

the stepper motor with commands for stepwise motion.
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3.3 Experimental setup and preliminary experiments

In order to test the functionality of the transistorized pulse generation circuit,

preliminary experiments were carried out using the EDM machine shown in Fig-

ure 3.7 at JKUAT. The electrical signals were captured using a Hentek DSO5102B

digital oscilloscope and recorded into a personal computer. These signals are the

pulsed DC voltage and the machining discharges.

RC pulse 
generator

Transistorised 
pulse generator

Stepper motor 
for Z-axis
motion

Dielectric
fluid tank

Digital 
oscilloscope

Figure 3.7: EDM machine developed at JKUAT

Since the common range of open circuit voltages for EDM is between 50 V and

300 V [46], an open circuit voltage range of between 50 V and 100 V was chosen

for the current design of the transistorized pulse generator. The reason for this is
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that the experiments that were to be done were designed for that voltage range.

Further, it was due to limitations of the electronics available for manufacture

of the circuit. The duty cycle range is between 0% and 100% and the choice

of a 20% increment was made on the basis of the number of experiments that

needed to be done. Each of the experiments was timed and material removal

rate was calculated from the volume of the material removed and the time taken

to machine it. In the preliminary experiments, ten identical workpieces (all of

them made from mild steel (0.25% C)) were machined. In the first group of five

experiments, gap voltage was varied between 50 V and 90 V while the duty cycle

was kept constant at 50%. In the other group of five experiments, the duty cycle

was varied in steps of 20 while the gap voltage was maintained at 80 V.

The resulting performance parameters i.e., MRR and surface roughness were

used to test the performance of the transistorized pulse generator. The surface

roughness of the machined workpieces was measured using Mitutoyo SJ301 surface

roughness tester shown in Figure 3.8. The workpiece material for all experiments

Figure 3.8: Surface roughness tester

at this stage was low carbon steel (also known as mild steel). Mild steel was

chosen because it is a very widely used material and was readily available in

the laboratory. The workpieces were machined for a 30 minutes period at a

frequency of 1 kHz for each set of experiments. A graphite tool electrode was

used for machining with kerosene as the dielectric fluid. The fact that kerosene
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is a non conductor that has a boiling point of between 150◦C and 300◦C, and a

flash point of between 35◦C and 60◦C make it suitable as a dielectric fluid. It is

worth noting that the experiments were conducted with both the workpiece and

the tool electrode immersed in the dielectric fluid.

3.4 Investigation of influence of EDM process parameters on its out-

puts

3.4.1 Overview

This section describes the experiments that were carried out to investigate the

effect of machining parameters on the EDM process. The machining parameters

of interest were duty cycle, gap voltage and discharge current. To determine the

effect of each of the parameters under investigation, the results of the machining

process were classified based on three parameters which were surface roughness

of the machined surface, material removal rate and the tool wear rate.

3.4.2 Machining experiments

Due to the challenges of lack of measurement, test and control equipment at

JKUAT, the electrical discharge machining experiments were carried out on a

Sarix SX100 micro electrical discharge machine at Technical University of Chem-

nitz, Germany. The experimental setup was such that data was recorded via a

high resolution (with sampling frequency of 1 GHz and sample rates of 5 GS/s)

DPO4104 Tektronix oscilloscope shown in Figure 3.9, into a personal computer

and the National Instruments PXI system.

The diagram shown in Figure 3.10 illustrates the setup that was used for the

machining experiments and data acquisition. Three different materials namely

aluminium (Al), brass (CuZn) with 65% Cu and 35% Zn and medium carbon steel

(FeC) with 0.47% carbon content (AISI 1040 steel) that were readily available in
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Figure 3.9: High resolution DPO4104 Tektronix oscilloscope

the laboratory were used for the machining experiments.

Figure 3.10: Illustration of experimental setup

In each set of experiments, three identical sets of machining experiments were

carried out with a specific set of machining parameters as is shown in Table

3.1 and 3.2. The three sets of experiments involved machining three pieces of

workpieces under identical conditions, one from each of the materials.

From the results obtained, comparison was done and generalized conclusions

drawn on the effects of each of the machining parameters on the EDM process

outputs. The findings from the analysis of the experimental results were used as

a guide in the design of the adaptive controller for the EDM process.

The machining data was sampled at a sampling rate of 100 Kilo samples per

second by the Tektronix DPO4104 oscilloscope. This sampling rate was chosen

to coincide with the machining frequency. The signals that were recorded were
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Table 3.1: Design of experiments for investigating gap voltage in EDM process

Table 3.2: Design of experiments for investigating duty cycle in EDM process

the spark voltage, corresponding discharge current and the tool wear for each of

the machining cycles at the selected sample rate. The EDM machine recorded

the tool wear for each machining cycle.

The TWR was calculated from the total amount of tool wear that was recorded by

the EDM during machining (in terms of length) and the time taken for machin-

ing each of the profiles. Likewise, material removal rate (MRR) was calculated

from timed machining cycle for each profile for all experiments. The volume of

the machined profile was used to calculate the total amount of material removed

during machining.

The quality of the surface finish was analyzed using a Nikon MM-400 measure-

ments microscope shown in Figure 3.11 (a) and Keyence VK-9700 3-D laser scan-

ning microscope shown in the Figure 3.11 (b) at TU Chemnitz.
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(a) Surface measurement microscope (b) Laser scanning microscope

Figure 3.11: Surface quality measurement microscopes

A tungsten carbide tool electrode of diameter 80 μm and a dielectric oil (HEDMA111)

were used for all the machining experiments since they were readily available and

suitable for the machining experiments. The tool material characteristics are

shown in Table 3.3 and dielectric oil characteristics are as shown in Table 3.4.

Table 3.3: Tungsten carbide properties

Property Value/State

Density 15.8 g/cm3

Solubility in water Insoluble

Melting point 2870◦C

Boiling point 6000◦C

Thermal conductivity 84.02W/mK

Tensile strength 0.3448GPa

Mohs hardness 9

Several sets of electrical discharge machining experiments were conducted on each

of the materials. In order to investigate the effects of the individual machining
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Table 3.4: Dielectric oil properties

Property Value/State

Viscosity at 20◦C 2.4cSt

Density at 15◦C 0.781 Kg/l

Flash point 101◦C

Original smell Neutral

parameters on the EDM process, for each experiment, some of the parameters

were held constant and only one parameter, the one under investigation, was var-

ied. The parameters under investigation included gap voltage, discharge current

and duty cycle.

3.5 Development of the adaptive controller for the optimization of

the EDM process

3.5.1 Overview

A fuzzy logic based adaptive controller that was designed for the optimization

of the EDM process has the ability to improve both the system performance

and adaptability. The data that had been obtained from experimental work on

investigation of the effects of machining parameters on EDM process output pa-

rameters was used to design the rules and membership functions for the fuzzy

logic controller. The number of rules were minimized by incorporating a monitor-

ing unit in the controller, which ensures that there is realtime monitoring of the

machining parameters. The inclusion of the monitoring aspect in the controller

helps to limit the deviation of the machining parameters from the intended ones.

The monitoring unit also enhances control of the EDM process by monitoring

the trend of machining parameters, thus indicating the likelihood of occurrence

of an undesirable machining condition such as short or open circuit and, therefore,

ensuring correction of parameters before the undesirable machining condition oc-
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curs.

The fuzzy logic based adaptive controller works in a closed loop so as to optimize

the machining process by selecting the appropriate machining parameters based

on the input from the feedback obtained from measurements on the actual ma-

chining process. A block diagram showing the layout of the adaptive controller

is shown in Figure 3.12. The main controller interface constitutes the main

S

Figure 3.12: Block diagram of the FLC based adaptive controller

subroutine. Its function is to call all the other subroutines and check status data

on the monitoring subroutines. The fuzzy logic controller uses the knowledge

base to evaluate the status signals and control the machining process by feeding

voltage control signals to the piezo-actuator via a driver circuit. The monitoring

subroutines check the machining condition indicators and compare them to ideal

machining signals. This status data is fed to the FLC. The machining process

is then controlled by adjusting the spark gap which is achieved by means of an

ultra fast response frequency piezo-actuator (P-611Z Piezo).

In order to effectively control the EDM process, the adaptive controller is de-

signed to have the main control routine/unit, two monitoring subroutines; one
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Figure 3.13: Flow chart for the control of EDM

for the duty cycle and the other one for the voltage/current, and, the FL sub-

routine which is the one that executes the control action. The main control unit

communicates with monitoring and control subroutines to achieve the overall ob-

jective of optimization of the EDM process. A flow chart for the control action

is shown in Figure 3.13.

3.5.2 Main control subroutine

This is the main interface subroutine block of the controller for the EDM process

and functions as shown in the flow chart in Figure 3.14. It calls the two monitoring
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subroutines, i.e., the timer based current discharge monitoring subroutine and

the gap voltage monitoring subroutine. The monitoring subroutines are used to

provide feedback to the FLC and therefore enable realtime control.

Figure 3.14: Flow chart for the main control subroutine

The main controller checks the status of the monitoring subroutines and feeds

their status data into the FLC based subroutine which in turn evaluates the

status of the machining process and provides relevant control signals for spark

gap control. The control signals are then output to the piezo actuator so as to

adjust the spark gap accordingly. Six status parameters, namely: short and open

circuits, discharge time, short and open circuit voltages, and measured spark gap

voltage, are fed into the FLC as inputs.

The front panel or Graphical User Interface of the controller (GUI) displays the

48



machining conditions such as detection of short or open circuit and the FLC

execution parameters, and shows the measured gap voltage/current. It contains

a stop button for stopping the execution of the controller. The GUI also allows

for input of machining gap voltage which is set by use of a slider scale. The block

diagram for the main subroutine of the adaptive controller is shown in Figure

3.15 and its front panel is shown in Figure 3.16.

The section labelled A on the block diagram is where the input gap voltage and

current are defined. In this section, the measurement of gap voltage, discharge

frequency and duty cycle is also done and the measured signals recorded. Further,

the machining status parameters are analyzed here and then sent to the FLC in

section B. At the FLC execution section (B), the status signals are built into

an array that is fed into the FLC. The FLC evaluates the signals based on the

rule base and gives out an output that is the control signal. The control signal is

fed to the section labelled C from where it is converted to a voltage signal and

output through the DAQ for the control of the piezo actuator.
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3.5.3 Timer based current discharge monitoring subroutine

From previous researches by Schubert et al. [47] on the current discharge charac-

teristics during the EDM process, it was found that, the average period for each

effective discharge is about 100 ns. The current research was carried out using the

same equipment at TU Chemnitz. Using the results obtained from the research

done by Schubert et al., the upper and lower limits for current discharge time

were set at 95 ns and 105 ns respectively. The researchers also found out that, if

the periodic time for each current discharge increases (frequency of the discharges

decreases), there is a likelihood of occurrence of a short circuit. Conversely, if

the periodic time decreases (frequency of the discharges increases), there is a

likelihood of occurrence of an open circuit. These observations together with the

data on the effect of variation of gap voltage and duty cycle on EDM process

were used in the design of the controller for the EDM process. The controller is

designed to monitor the discharge time for each spark and the periodic time for

consecutive current discharges and adjust the gap depending on the behaviour

of the discharges so as to minimize chances of occurrence of either short circuit

or open circuit as shown in the flow chart in Figure 3.17. Figure 3.18 shows

the block diagram that is used to implement this monitoring subroutine of the

adaptive controller. The section of the controller shown in Figure 3.18 uses the

high resolution programmable timer to check time taken for each discharge signal

and if the time is above 105 ns, then a signal is sent to the FLC indicating that a

short circuit is likely to occur. However, if the time for current discharge is below

95 ns, then a signal indicating that an open circuit is likely to occur is sent to

the FLC. The FLC uses a rule base designed to adjust the gap voltage so as to

avoid the occurrence of either short or open circuits. The block diagram shown

in Figure 3.20 checks the frequency of the current discharge signals. Increase or

decrease in frequency of the current discharges is detected in this section of the

controller. A signal is then sent to the FLC indicating whether a short or open
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Figure 3.17: Flow chart for the timer based monitoring subroutine

circuit is likely to occur (based on the discharge frequency). In this subroutine,

the feedback function of LabVIEW software compares a retained value of the pre-

vious frequency with the current one at a frequency of 200 MHz and if a change

is detected, it is sent to the main controller. The outputs from this subroutine

and from the one shown in Figure 3.18 are compared and if in any of, or in both

cases there is an indication of undesirable machining condition, then, the FLC

checks the value of the gap voltage and, consequently, outputs a signal to adjust

the spark gap so as to avoid occurrence of the undesirable conditions. The timer

acquires and monitors signals in this subroutine. It detects a rising edge of a

current discharge (when the value of a current signal starts to rise).
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The time between two consecutive rising edge detections indicates the period of

the current discharges. The software based timer who’s flowchart is shown in

Figure 3.19 counts ten cycles after which it resets and starts counting again.The

time taken to record ten consecutive cycles is compared with that of the imme-

diate previous equal number cycles to check if the trend is towards an increasing

or decreasing frequency, or the same as earlier one.A decreasing frequency is an

indicator of likelihood of occurrence of short circuit. However, if the frequency of

the discharges increases, it is an indicator that an open circuit is likely to occur.

On the other hand, if the frequency remains the same, its an indicator of stable

machining process. This ability to detect undesirable behaviour in the discharges

without the behaviour being explicitly defined makes the controller able to deal

with uncertain machining conditions.

Figure 3.19: Flow chart for software based timer monitoring subroutine

55



Ti
m

e 
ha

s 
El

ap
se

d
El

ap
se

d 
Ti

m
e 

(s
)

Pr
es

en
t 

(s
)

Pr
es

en
t 

Te
xt

St
ar

t 
Ti

m
e 

Te
xt

El
ap

se
d 

Ti
m

e 
Te

x
er

ro
r 

ou
t

G
et

 S
ta

rt
 T

im
e 

(s

El
ap

se
d 

Ti
m

e

0,
00

01 0

0000000000000000000000000000000000000000000000
0

0

00
:0

0:
00

,0
00

 
D

D
.M

M
.Y

YY
Y

Ti
m

e 
ha

s 
El

ap
se

d
El

ap
se

d 
Ti

m
e 

(s
)

Pr
es

en
t 

(s
)

Pr
es

en
t 

Te
xt

St
ar

t 
Ti

m
e 

Te
xt

El
ap

se
d 

Ti
m

e 
Te

x
er

ro
r 

ou
t

G
et

 S
ta

rt
 T

im
e 

(s

El
ap

se
d 

Ti
m

e2

O
N

: S
ho

rt
 c

irc
ui

t 
O

FF
: O

K

O
N

: S
ho

rt
 c

irc
ui

t 
lik

el
y 

so
on

O
N

: O
pe

n 
ci

rc
ui

t 
lik

el
y 

so
on

Se
t 

op
tim

um
 c

ur
re

nt
  

pu
ls

e 
tim

e 
to

 1
00

s

Ch
ec

k 
th

e 
pe

rio
d 

of
 s

ub
se

qu
en

t 
 

di
sc

ha
rg

es
 t

o 
en

su
re

 
un

ifo
rm

ity
 o

f t
im

e 
pe

rio
d 

 
be

tw
ee

n 
di

sc
ha

rg
es

Co
m

pa
re

 e
ar

lie
r 

 
di

sc
ha

re
 t

o 
cu

rr
en

t 
di

sc
ha

re

Is
 t

he
re

 li
ke

ly
 

to
 b

e 
a 

sh
or

t 
ci

rc
ui

t? 2
 [

0.
.4

]

F
ig
u
re

3
.2
0
:
B
lo
ck

d
ia
gr
am

fo
r
m
on

it
or
in
g
fr
eq
u
en
cy

of
cu
rr
en
t
d
is
ch
ar
ge
s

56



3.5.4 Gap voltage monitoring unit

Another monitoring subroutine of the adaptive controller, the gap voltage mon-

itoring unit is shown in the block diagram in Figure 3.21. This block diagram

monitors the gap voltage and compares it with the applied machining voltage.

Monitoring is achieved by setting the minimum allowable gap voltage and the

maximum allowable gap voltage. The maximum allowable gap voltage is set at

95% of the applied gap voltage and the minimum allowed gap voltage is set at

5% of the applied gap voltage. These are the values above and below which open

and short circuits are considered to occur [47]. If the measured gap voltage is

below the minimum allowed value, then this subroutine sends a signal to the FLC

indicating that a short circuit is likely to occur. On receiving a signal about the

occurrence or likelihood of occurrence of short circuit, the FLC sends a voltage

control signal to increase the spark gap via the piezo actuator. On the other

hand, if the measured gap voltage value is higher than the maximum allowed

percentage of the applied voltage, then a signal is sent to the FLC indicating

that an open circuit is likely to occur and the FLC in turn sends a control signal

to reduce the spark gap via the piezo actuator.

The acquisition of voltage signals is done via NI PXIe-6259 M series and NI PXI-

7851 R series National Instruments’ data acquisition cards, both integral parts

of the NI PXI system. The output signals from this subroutine together with

other machining status data from other monitoring subroutines are fed in to the

FLC as the inputs. The FLC evaluates all the input machining status data and

gives control signals to either increase or reduce the spark gap, or to maintain it

the same. The control signals from the FLC are in form of voltage signals which

are used to drive the piezo actuator to adjust spark gap. The voltage signals

are output via a National Instruments NI PXI-6723 data acquisition card. The

reasoning behind the inclusion of the monitoring subroutines is so that they can

detect the possibility of occurrence of an undesirable machining condition, and at
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the same time, make the controller’s response faster, hence minimizing the actual

occurrence of the undesirable machining conditions. Further, with the monitor-

ing subroutine, if any disturbance is introduced into the machining process, it

will be detected from the behaviour of the discharges and a corresponding signal

is sent to the FLC for corrective action to be taken. This helps in minimizing

the number of membership functions and rules for the FLC because the input

and output ranges are narrowed. The result is faster response because of reduced

execution time of the FLC and hence more enhanced realtime control.

3.5.5 Fuzzy logic controller

The block diagram for the fuzzy logic controller that was developed for the op-

timization of the EDM process is shown in Figure 3.22. The FLC has six input

parameters namely;

a) short circuit detection (from discharge monitoring subroutine)

b) open circuit detection (from discharge monitoring subroutine)

c) discharge time (from discharge monitoring subroutine)

d) short circuit voltage (from gap voltage monitoring subroutine)

e) open circuit voltage (from gap voltage monitoring subroutine) and

f) gap voltage (from gap voltage monitoring subroutine)

The input signals indicating short or open circuit have only two states, that is,

true or false, while the other two signals (discharge time and gap voltage) are

analog signals. The input analog signals were mapped into fuzzy sets with seven

Gaussian type of membership functions. Also, the output of the FLC has seven

Gaussian fuzzy membership functions. The fuzzy rules were generated based on

these membership functions. The data on effects of machining parameters on the

output parameters was used to determine the relationship between the antecedent

and the consequent, and hence develop the rules base. The rule base gives the

optimum machining parameters for the EDM process.
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In the FLC, Gaussian membership functions are used to represent input and

output variables because this type of membership functions are the best suited

to model situations or applications that are non linear in nature [48]. The two

analog inputs have 7 membership functions each as shown in Table 3.5. These

membership functions are used to map the input parameters from linguistic form

into fuzzy form, ranging from extremely low to extremely high.

Table 3.5: Analog input membership functions

On the other hand, for the inputs that have only two states i.e., digital inputs,

the membership functions are shown in Table 3.6. The inputs indicate either true

or false states. These inputs show when there is detection of either short or open

circuit, or, the likelihood of occurrence of either.

Table 3.6: Digital input membership functions

The output of the FLC is analog and has membership functions in the form shown

in Table 3.7. The membership functions for the output of the FLC map the fuzzy

output of the FLC into linguistic terms which are instructions for gap adjustment

by the piezo actuator which is the actuator.

The structure of the FLC rules is such that there is antecedent, inference and the

consequent (‘IF then ELSE’ format). In total, there are 36 rules which are scaled
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Table 3.7: Output membership functions

down to 14 in order to minimize the execution time for the FLC by elimination

of redundant or closely related rules. The fuzzy logic controller, shown in Figure

3.22, has a fuzzifier, inference mechanism and a defuzzifier. First, the inputs are

fuzzified by the fuzzifier from crisp data sets into fuzzy data. Secondly, they are

evaluated and a decision given by the inference mechanism based on the rules of

the FLC. Thirdly, the consequent given by fuzzy inference mechanism in fuzzy

form is defuzzified by the defuzzifier and lastly, the FLC output is given as crisp

voltage output values for the control of the piezo actuator.

In the LabVIEW software environment, an analog output channel that was cre-

ated relays the FLC’s output to the data acquisition card, from which it is then

fed in to the piezo actuator. The main aim of developing this FL based controller

was to ensure that, the maximum MRR is achieved without compromising on

the quality of the surface achievable for a given set of machining parameters. To

ensure that this objective is achieved, the controller is tested and tuned. Machin-

ing experiments for testing the effectiveness of the controller in achieving the set

objective are discussed in the next sections.

3.5.6 Implementation of the adaptive controller

The FLC based controller for the EDM process is implemented using a National

Instruments PXI system (NI PXIe-1062Q) shown in Figure 3.23 (a), which is a

dedicated computer for control fitted with several interface cards for connecting
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to measurement devices and actuators.

(a) NI PXIe-1062Q PXI system (b) Philips PM6680B timer

Figure 3.23: Data acquisition and control equipment

The EDM controller incorporates a gap votage/current measurement system, in

which the measurement of voltage/current is done using a Tektronix DPO4104

oscilloscope. A Philips PM6680B high resolution programmable timer shown in

Figure 3.23 (b) measures pulse discharge time and is connected to the National

Instruments PXI system using a General Purpose Interface Bus (GPIB) port.

The timer has a sample acquisition frequency of 225 MHz, which means that it

Figure 3.24: Sarix SX100 electrical discharge machine

acquires samples at time intervals of about 4.44 ns. For testing the effectiveness

63



of the FLC based controller in optimizing the EDM process, controlled machin-

ing experiments were conducted on a Sarix SX100 electrical discharge machine

shown in Figure 3.24. The control signals from the controller are fed into a piezo

Figure 3.25: Linear piezo actuator

actuator shown in Figure 3.25. The piezo actuator is used to adjust the spark

gap, hence effectively varying the gap voltage and current. The piezo actuator

has a linear travel range of up to 100 μm, which is enough for the required spark

gap adjustments and a high response frequency of 100 MHz which enables very

fast gap adjustments.

The block diagram in Figure 3.26 represents the experimental setup that was

used for testing the controller. The measured time/period and frequency of the

discharges are fed into the timer via the oscilloscope while voltage/current values

are directly read by the PXI system via a NI RIO multifunction data acquisition

card (NI PXIe-6259) across the two electrodes. The control signals generated

by the controller are fed into the piezo-driver circuit from the PXI system. The

piezo-driver circuit then generates the necessary voltage control signals to drive

the piezo actuator to achieve the desired gap control.
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Figure 3.26: Block diagram representation of the experimental setup
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C

RESULTS AND DISCUSSION

In this chapter, results from testing of the newly developed transistorised pulse

generation circuit for the EDM at JKUAT Engineering workshops are presented

in the first section. In the section that follows, results on the investigation of

the effects of machining parameters on the EDM process output parameters are

presented. The last section of the chapter analyzes the effectiveness of the FLC

based controller in optimizing the EDM process. Waveforms were sampled from

the transistorized pulse generation circuit. Also, machining experiments were

done to test the functionality of the pulse generator and its flexibility. The results

from the machining experiments are presented in this section.

4.1 Evaluation of the performance of the pulse generator

The pulse generator has the capability to produce square waves of between 0 Hz

and 10 kHz at different DC voltages between 0 V and 100 V. Sample waveforms

of the machining pulsed voltage signals at different voltages and frequencies are

shown in Figure 4.1.

(a) f = 80 Hz, v = 20 V
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(b) f = 80 Hz, v = 40 V

(c) f = 1 kHz, v = 50 V

Figure 4.1: Sample waveforms

The signals were captured at two different frequencies from the controller, that

is, at 80 Hz and 1 kHz using a National Instruments card NI USB 6008, in a
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LabVIEW� environment as analog signals. The voltage values were adjusted
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Figure 4.2: Sample voltage pulsed signal acquired at 50% duty cycle, 84 V

applied gap voltage and 1 kHz frequency

using a variable transformer (variac) which has a power rating of 2500 W and a

voltage range of 0 - 240 V. The frequency was varied using a potentiometer that

had been set as the input device for the frequency.

The transistorized pulse generation circuit can generate the required pulsed DC

voltage signal while at the same time providing smooth control of machining

parameters. A sample waveform of a signal data that was acquired at 1 kHz and

84 V is shown in Figure 4.2.

Figure 4.3 shows discharge voltage signals that were acquired with the magnitude

of gap voltage being 74 V (lower than the applied gap voltage of 90 V). These

discharges indicate a healthy EDM process, without short or open circuit. When

a short circuit occurs, the voltage signal goes to zero, and if open circuit condition

occurs, the voltage signal goes to maximum value that is input. It was also found

out that significant machining (or MRR) occurred at voltages above 50 V. The

upper limit of gap voltage was set at 100 V partly due to the fact that this is the

norm, and also due to the limitations of the electronics that were available at the
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time of development of the pulse generation circuitry.
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Figure 4.3: Sample discharge voltage signal captured while machining at 50%

duty cycle, applied gap voltage of 90 V and a frequency of 1 kHz

In order to evaluate the performance of the transistorized pulse generation circuit,

two performance parameters of EDM process were investigated [49] and, the re-

sults indicate that the performance of the pulse generator was similar in principle

to earlier researches conducted by Subrat et al. [50] and Kabini et al. [51]. The

performance parameters under investigation were MRR and surface roughness of

the machined workpieces and the variables were gap voltage and duty cycle. For

each data point, three experiments were conducted to avoid any possible error

and the mean value used in as the data point. From the graph in Figure 4.4, the

material removal rate increases when the gap voltage is increased. At voltages

between 50 V and 60 V, the increase in MRR is gradual but becomes more steep

as the gap voltage is increased to higher values above 60 V. Consequently, the

highest MRR was achieved at gap voltage of 90 V and the least MRR was achieved

at gap voltage of 50 V. This is because in electrical discharge machining process,

material is removed by a thermal process and the amount of heat energy that

is generated for material removal between the tool electrode and the workpiece

is directly proportional to the gap voltage. Power is given by the relationship
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Figure 4.4: Effect of gap voltage on MRR (mild steel)

P = V I. Precise adjustments of gap voltage on the pulse generator was attained

by adjusting a variable transformer (variac) that was incorporated in the power

supply circuit.

Figure 4.5 shows the relationship between gap voltage and surface roughness. The

values of surface roughness (Ra) indicate that the roughness of the machined sur-

face increases as the gap voltage is increased. Between voltages of 50 V and 70 V,

the surface roughness increases gradually with increase in gap voltage. As seen

on the graph, when gap voltage is increased above 70 V, the surface roughness

values increase more sharply indicating that the poorest surface finish is achieved

at 90 V, and the best surface finish is achieved at 50 V. This is explained by

the fact that, when gap voltage is high, the heat energy generated for erosion of

material is high causing more erosion of workpiece material [27]. This rapid and

high erosion of material results in deeper and uneven profiles on the workpiece

surface which in turn translates to poor surface finish.

The performance of the transistorised pulse generator was further evaluated with

the duty cycle being the only variable. Figure 4.6 shows a graph indicating the

effect of varying duty cycle on material removal rate. It can be seen that, MRR
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Figure 4.5: Effect of gap voltage on surface roughness (mild steel)

increases from when duty cycle is 10% up to a maximum value when the duty

cycle is 50%, after which it decreases. Electrical discharge machining being a

thermal process which removes material by thermal erosion [52], lower MRR at

low duty cycle is attributed to the fact that, the sparking cycle is not sufficiently

long enough to allow enough time for the heating needed to achieve high material

removal. Also, lower duty cycle causes more prolonged and frequent open circuit

conditions which contribute to lower machining rate. The erosion energy increases

as duty cycle is increased and therefore the heat generated at the sparking zone

is increased and this results in erosion of a larger zone of the workpiece. This is

because when the ON time of the voltage signal is longer, more heat energy is

generated at the machining area. This is because the heat energy generated is a

function of time. This leads to higher rate of machining. However, the maximum

MRR is achieved when the duty cycle is around 50% and for duty cycle above

50%, the sparking energy causes the machined particles to weld on the surface

of the machined profile [53]. This is because there are short cooling cycles (pulse

OFF time). To mitigate this phenomenon, faster methods of cooling and removal

of debris may need to be adopted.
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Figure 4.6: Effect of duty cycle on MRR (mild steel)

Finally, the effect of varying duty cycle on surface finish of the machined surface,

measured by Ra roughness parameter was investigated. The results that were

obtained are shown in Figure 4.7. From this figure, it can be seen that the

surface roughness increases with increase in duty cycle. This behaviour could be

attributed to the fact that, higher duty cycle leads to prolonged heating of the

material being machined which in turn leads to over-burnt surfaces and welding

of machined particles on the surface [54].
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Figure 4.7: Effect of duty cycle on surface roughness (mild steel)
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4.2 Investigation of the effect of machining parameters on EDM pro-

cess output parameters for medium carbon steel, aluminium and

brass

Several sets of electrical discharge machining experiments were conducted on each

of the three materials namely, aluminium, brass and medium carbon steel (0.47%

C). The data obtained in the experiments is shown in tables B.1 through B.12.

In order to investigate the effects of the individual machining parameters on the

Table 4.1: Properties of aluminium, brass and steel samples under

investigation

Property Aluminium Brass Medium carbon

alloy 2011 (65% Cu, steel (0.47% C)

35% Zn)

Melting point (◦C) 660 900 1400

Electrical conductivity 36.7 15.9 5.9

(Siemens/m(×106))

Density (g/cm3) 2.7 8.5 7.7

Thermal conductivity 237 150 90

(W/m.K)

EDM process output parameters. For each experiment, some of the machining pa-

rameters were held constant and only one parameter, the one under investigation,

was varied. The parameters under investigation included gap voltage/current and

duty cycle. Table 4.1 shows the physical properties for the three materials under

investigation, which include melting point, density, and, thermal and electrical

conductivity.
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4.2.1 Effect of gap voltage on the surface finish

The machining experiments were carried out for voltages ranging from the min-

imum possible machining voltage of 50 V to the maximum machining voltage of

150 V on the EDM machine with increments of 20 V. The choice of this range

of machining voltage is because significant MRR occurs at voltages above 50 V

and the maximum machining voltage as per Sarix SX100 machine is 150 V. The

surface roughness was analysed using the 3D laser scanning microscope. The

microscope gave 5 measurement values indicative of surface roughness, namely,

Rp, Ra, Rq, Rz and Rv. In this analysis, the surface roughness parameter Ra,

which is the arithmetic mean of absolute values of peak depths and valley heights

on the machined surface was used to express surface roughness. This parameter

was chosen solely because it is the most commonly used method of expressing

surface roughness [55]. An example of results obtained from measurement of sur-

Gaussian filter, 0.25 mm

Gaussian filter, 0.25 mm

Gaussian filter, 0.25 mm

Gaussian filter, 0.25 mm

Gaussian filter, 0.25 mm

Figure 4.8: Sample result data of surface roughness given by the 3D laser

scanning microscope for aluminium surface

face roughness of aluminium profile is shown in Figure 4.8. The Gaussian filter

for the microscope was set at 0.25 mm to eliminate overshoot and fasten the rise

and fall time for the instrument. Figure 4.9 shows the relationship between the
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applied gap voltage and the surface roughness of the machined surface for the

three materials tested.
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Figure 4.9: Influence of gap voltage on surface roughness

From the graph, it is seen that, as the applied gap voltage is increased, the

surface roughness increases for all materials. The explanation for this trend is

that, during electrical discharge machining, the power generated at the machining

area is directly proportional to the voltage, that is P = V I. This power at the

machining zone causes material removal by a thermal process and therefore, the

higher the power the more the material removal rate, and, the larger the heat

affected zone and hence the distortion of the microstructure of the material [21].

It was also observed that, for the same machining conditions, steel had the least

values of surface roughness indicating the best surface finish while brass had

the highest values of surface roughness indicating poorest surface finish. It was

also observed that, while machining brass, machined particles welded onto the

surface. These particles could be the ones contributing to higher roughness for

the brass. Further, the surface finish for aluminium was better than that of brass
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but poorer than that of steel. This difference in surface roughness is attributed

to the different melting points, and, thermal and electrical conductivities that

contribute to different machinability of different materials as was explained by

Scott et al. [20] and Ravindranadh et al. [56].

4.2.2 Effect of gap voltage on the MRR

In order to determine the effect of gap voltage on material removal rate, timed

machining experiments were conducted at different gap voltages and constant

duty cycle. For calculation of volume of the material that was removed, the

dimensions of the machined profiles were used. The MRR was calculated by

dividing the volume of the material that was removed with the machining time

for each profile.

The experiments were carried out at a frequency of 100 kHz and a duty cycle

of 50 percent using a tool electrode of diameter 80 μm for all machining exper-

iments. The diameters of the machined holes were measured using the surface

measurement microscope and the measured diameters are shown on Figure 4.10.

The machined workpieces were then cleaned in an ultrasonic bath to remove all

the loose particles that had not been washed away during machining. Finally,

the machined volume was calculated from the dimensions of the machined cavity.

The depths of the machined holes were taken as the heights of the cylinders.

The results of MRR for the three materials were plotted in the graph shown in

Figure 4.11. The lines in the graphs represent the best fits for each data sample.

From the graph, it is seen that, machining of aluminium recorded the highest

MRR. The MRR in machining of brass was second highest and the least MRR

occurred in the machining of steel. Since EDM process removes material by

electrothermal process, this difference in MRR is as a result of the difference in

electrical and thermal conductivity for the three materials as was demonstrated

by Chang [57]. In machining aluminium which the highest electrical and ther-
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(a) Aluminium (b) Brass

(c) Medium carbon steel (0.47% C)

Figure 4.10: Measured diameters (indicated as Durchmesser) obtained on
surface measurement microscope at 50 V and 50% duty cycle

mal conductivity and the lowest melting point the highest MRR was achieved.

In the machining of brass which had the second highest electrical and thermal

conductivity and also second lowest melting point the second highest MRR was

achieved. Lastly, machining of steel which had the lowest thermal and electrical

conductivity and the highest melting point least MRR was attained. It is also

observed that the MRR in machining of the three materials rapidly increases with

increase in applied gap voltage especially for values of gap voltage above 90 V.
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In all the cases of machining, it can be seen that, MRR increases with increase in

applied gap voltage. Comparing the results of surface roughness from Figure 4.9
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Figure 4.11: Effect of gap voltage on MRR (for Al, CuZn and FeC)

and MRR in Figure 4.11, it can be seen that, the highest MRR was achieved in

machining aluminium, followed by brass and lastly steel. However, in regards to

quality of the machined surface, the poorest quality was achieved in machining

of brass, followed by aluminium and then steel. These two observations could

be attributed to two things; first is the fact that in machining brass, machined

particles welded onto the machined surface thus reducing MRR, and second, the

resulting large region of heat affected zone seen as black region around the ma-

chined hole in Figure 4.12 could contribute to higher surface roughness in brass.

Ravindranadh et al. [56] reported that different tool electrode and workpiece ma-

terial combination result in different machinability in EDM and recommended

that the machining parameters should be selected based on the properties for the
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workpiece and tool electrode materials combination. From further experiments

it was found out that machining of brass at lower voltages reduced the heat af-

fected zone and eliminated welding of machined particles on the surface of the

workpiece.

Figure 4.12: Profile of a hole machined on brass at 150 V and 50% duty cycle

4.2.3 Effect of gap voltage on the tool wear rate (TWR)

The Sarix SX100 EDM machine records the tool wear for each machined profile

in terms of the length of the worn out tool electrode (h). This recorded tool wear

was used to calculate the tool wear rate as,

TWR =
πr2h

t
(4.1)

where r is the radius of the tool in millimetres, h is the worn out length of the

tool in millimetres as well, and t is the machining time in seconds. For each value

of gap voltage, three experiments were carried out and the average tool worn out
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height was used to compute the tool wear rate.

To illustrate the effect of the applied gap voltage on the tool wear rate (TWR),

the tool wear rate was plotted against the applied gap voltage on the graph shown

in Figure 4.13. From this graph, the tool wear rate was observed to increase with

increase in the value of applied gap voltage for machining of the three materials.

For the lower values of machining voltage below 80 V, the TWR was highest

for machining of brass and lowest for machining of steel. However, for higher

values of machining voltage above 90 V, it was observed that the TWR was

highest for machining of aluminium followed by steel and least for the machining

of brass. According to Mona et al. [58] who investigated factors that contribute

to tool wear rate, the combined material properties for the workpiece and tool

electrode, such as electrical and thermal conductivity, electrical resistivity as well

as the melting points influence the tool wear rate. As noted in this research these

material properties change as the machining occurs, and thus, the TWR also

changes. However, the TWR in brass does not follow the same trend as for steel

and aluminium. It was noted that while machining brass at high gap voltage,

there was welding of machined brass particles on the surface of the workpiece.

The reduced TWR could also be as a result of the same brass particles welding

onto the tip of the tool electrode hence reducing the TWR as was noted by Banker

et al. [59], but is a subject that can be further investigated.
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Figure 4.13: Effect of gap voltage on TWR (for Al, CuZn and FeC)

4.2.4 Effect of duty cycle on surface finish

In order to determine the relationship between pulse ON time (TON) and quality

of the machined surface, five sets of experiments were conducted. Each set of

experiments involved machining three workpieces, one from each material under

identical machining conditions. The duty cycle was varied between the values of

10% TON and 90% TON at increments of 20%. The applied gap voltage and ma-

chining frequency were held constant at values of 100 V and 100 kHz respectively.

Figure 4.14 shows the relationship between the duty cycle and the quality of the

surface obtained in terms of surface roughness parameter, Ra.

From Figure 4.14, it is seen that increasing the duty cycle leads to poorer sur-

face finish as indicated by high values of surface roughness, Ra. This trend is

observed for all the three materials that were machined. This behaviour could
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Figure 4.14: Influence of duty cycle on surface finish (for Al, CuZn and FeC)

be attributed to the fact that, higher duty cycle leads to more heating of the

material being machined and hence leading to over-burnt surfaces and welding

of machined particles on the surface as Sameh [54] noted. This could also be as

a result of less cooling time of the surface and hence the overheating since the

sparking time is lengthened [60]. One way of overcoming this is to use a hollow

electrode with the dielectric fluid pumped through it to act as a coolant, as was

demonstrated by Suleiman et al. [61]. However, this can only be implemented at

the design stage for an EDM and is a challenge for small tool electrodes.

4.2.5 Effect of duty cycle on MRR

In order to investigate the relationship between duty cycle and MRR, fifteen sets

of electrical discharge machining experiments were conducted, five sets for each

material. Each set of machining experiments involved machining three identical

features under the same machining conditions on the same workpiece. The aver-

age values of dimensions for the three machined holes were used to calculate the
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volume of the material that was removed for each value of duty cycle.

The influence of duty cycle on material removal rate for the three materials that

were machined is shown in Figure 4.15. The dashed lines show the best fits for

the data sets.
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Figure 4.15: Effect of duty cycle on MRR (for Al, CuZn and FeC)

It is seen that, the MRR for the three materials increases gradually from minimum

values of between 1.02× 10−2 mm3/min and 1.62× 10−2 mm3/min to maximum

values of between 1.78 × 10−2 mm3/min and 2.28 × 10−2 mm3/min at a duty

cycle of about 50% and then starts decreasing to lower values of up to between

1.37 × 10−2 mm3/min and 1.67 × 10−2 mm3/min at 90% duty cycle. From this

observation, it could be said that, in order to achieve the highest MRR for any

of the three materials, the best machining duty cycle would be around 50%. For

duty cycles below 50%, the MRR is low, and decreases as the duty cycle reduces.

Because EDM is a thermal process which removes material by thermal erosion
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[52], lower MRR at low duty cycle is due to the fact that, the sparking cycle is not

sufficiently long enough to allow enough time for the heating needed to achieve

high material removal. The lower duty cycle also leads to frequent occurrence of

open circuit, thus causing lower machining rate. The sparking energy increases as

duty cycle is increased and more heat is generated at the sparking zone. This leads

to higher rate of machining up to when the duty cycle reaches 50%. However,

for duty cycle above 50%, the sparking energy is again high enough to cause

welding of machined particles on the surface of the machined profile [53] leading

to reduced MRR. This effectively lowers MRR. It is also observed that, for higher

duty cycles, there is higher frequency of occurrence of short circuits which is

undesirable and reduces the machining rate.

4.2.6 Effect of duty cycle on TWR

For the determination of the effect of varying duty cycle on the TWR, fifteen sets

of experiments were carried out. Each set of experiments involved conducting

three machining experiments on the same workpiece under identical machining

conditions. The average recorded values of the tool wear were used in the com-

putation of the tool wear rate.

During the experiments, tool wear for each hole that was machined was recorded.

These values were used to calculate the tool wear rate. The duty cycle was varied

from 10% to 90% at intervals of 20%. The gap voltage and frequency of the pulses

were maintained at 100 V and 100 kHz respectively. This is because Jaganathan

et al. [62] conducted research on the optimization of machining parameters in

EDM and found out that the optimum MRR is achieved at a voltage between 90

V and 110 V and a machining frequency of about 100 kHz.

The relationship between duty cycle and tool wear rate is shown in Figure 4.16.

From the graph, it can be seen that, the tool wear rate is not significantly affected

by value of duty cycle for all the three materials. However, the tool wear rate
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Figure 4.16: Effect of duty cycle on TWR (for Al, CuZn and FeC)

was highest for aluminium and least for steel. This is because the higher the

difference between thermal and electrical conductivity between tool electrode and

workpiece, the lower the tool wear rate and vice versa as was demonstrated by

Suleiman [61]. It can thus be concluded that as per the data that was obtained,

the effect of duty cycle on TWR has no significant consequence. This can further

be explained by the fact that the standard deviation from the average TWR for

each of the three cases of machining remains almost constant regardless of change

in the duty cycle.

4.2.7 Summary of the effects of machining parameters on perfor-
mance parameters

The machining experiments that were conducted to investigate the effect of vari-

ation of gap voltage and duty cycle provided insight into the EDM process. The

knowledge that was acquired was used in the design of an adaptive controller for

the EDM process. These results can be summarised as follows;
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i. Surface roughness of the machined surface increases with increase in gap

voltage. This observation relates to earlier conclusions in researches by Sameh

et al. [54] and Mona et al. [58].

ii. Material removal rate increases with increase in the gap voltage. Similar

observations were made in researches conducted by Ravindranadh et al. [56]

and Teepu et al. [63].

iii. Tool wear rate increases with increase in gap voltage as was demonstrated

by Teepu et al. [63].

iv. Surface roughness increases with increase in duty cycle as shown in researches

by Teepu et al. [63] and Dasa et al. [64].

v. Material removal rate increases with increase in duty cycle up to about 50%

duty cycle and thereafter it decreases [51].

vi. Tool wear rate showed no significant change with either increase or decrease of

duty cycle This is shown in researches dony by Rajesha et al. [52], Sameh [54]

and Shahul et al. [65].

From the results that were obtained from the experimental work and as concluded

in the cited researches, it is evident that to achieve the best results in the EDM

process, a good balance between the machining parameters has to be struck. This

knowledge was key in the design of the adaptive controller.

4.3 Investigation of the performance of the adaptive controller in op-
timizing the EDM process

In order to test the performance of the FLC based controller in optimizing the

EDM process, machining experiments were conducted under the control of the

adaptive controller. The results were compared with those obtained without

the controller, but with the same conditions and parameters. The machining

86



experiments were carried out at a voltage range of between 50 V and 150 V

and duty cycle of between 10 and 90 percent. The machining frequency was

maintained at 100 kHz. The experiments were carried out using a tungsten

carbide tool and three workpiece materials namely; aluminium, brass and medium

carbon steel (0.47% C). The controller works by adjusting the gap voltage via a

linear piezo actuator. The data obtained in the experiments is shown in tables

B.13 through B.24.

4.3.1 Optimization of gap voltage with respect to surface quality

The investigation into the effect of voltage on surface finish was established by

conducting the machining experiments using different machining voltages from a

minimum of 50 V to a maximum of 150 V, at increments of 20 V. The surface

roughness was checked with the 3D laser scanning microscope. The arithmetic

average of absolute roughness values Ra was used as a measure of surface rough-

ness.

Figure 4.17 shows the influence of gap voltage on surface roughness in machin-

ing, for the three materials namely; aluminium, brass and steel, machined both

controlled and uncontrolled modes. In Figure 4.17 (a), it can be seen that for

the uncontrolled mode, the surface roughness for machining aluminium increases

linearly with increase in gap voltage, while for the controlled modes, there is no

significant change of surface roughness with change of gap voltage. By comparing

the values of surface roughness, Ra, there is an improvement of between 19.5%

and 65.9% in surface finish from the non controlled to the controlled EDM pro-

cess. This can be attributed to the regulation of the spark gap which ensures

that there is uniform removal of material by application of uniform power density

around the machining area which leads to uniform finish. The higher the power

density is, the poorer the surface finish according to Dasa et al. [64].

For machining of brass, the relationship between surface finish and gap voltage is
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Figure 4.17: Effect of gap voltage on surface roughness for controlled and
uncontrolled machining modes(TON=50%, f=100 kHz)
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shown in Figure 4.17 (b) similar trends are seen as for aluminium. Notable also is

the fact that even the highest surface roughness value for the controlled electrical

discharge machining of brass, which is 0.3 μm, is much lower than the lowest

value of roughness in the uncontrolled process which is 0.45 μm. Comparing the

quality of surface finish, it can be seen that there is an improvement of between

30.6% and 70.5% in surface finish. These observations demonstrate the capability

of the controller to optimize the gap voltage for achievement of the best surface

finish.

The surface finish for machining medium carbon steel is presented in Figure 4.17

(c), and, like in machining of aluminium and brass the surface roughness in the

controlled mode remains almost constant even when the gap voltage is changed.

However, for the uncontrolled process, any change in the machining voltage is

reflected in the surface roughness of the machined surface. As can be seen from

the graph in Figure 4.17 (c), the surface roughness values for the controlled pro-

cess do not show a significant change and remain around 0.3 μm. However, for

the uncontrolled mode, surface roughness increases with increase in gap voltage.

There is also a significantly large improvement of between 6.5% and 70.9% in

surface finish in the controlled machining of steel.

It can thus be concluded that, on controlled machining of the three materials,

the values of surface roughness parameter, Ra, measured at different gap voltages

remains almost constant regardless of changes in gap voltage.

However, in the uncontrolled mode, this is not the case and the surface roughness

increases with increase in gap voltage as in the case of machining aluminium and

brass. This difference between the controlled and uncontrolled process demon-

strates that the controller was able to adjust the spark gap well enough to main-

tain the roughness values of the machined surface at minimum, the result of which

is improved surface finish for the controlled EDM process. This achievement could

be attributed to the fact that the controller’s time monitoring unit minimizes the
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occurrence of short and open circuits as well as prolonged or non effective dis-

charges, allowing only effective and uniform machining discharges to occur. With

uniform discharges, the surface finish is even and smoother as explained in the

works done by Teepu et al. [63].

4.3.2 Optimization of gap voltage with respect to material removal
rate

One of the main challenges of EDM process is the low MRR as compared to

other subtractive machining processes. The main purpose of this research was to

maximize MRR without compromising on the quality of the surface finish. The

fuzzy logic based adaptive controller is tested for its ability to maximize MRR.

In EDM process, MRR is governed by duty cycle, gap voltage/current and the

workpiece/tool materials properties. This means that for each set of these ma-

chining parameters, the controller should be able to adjust the spark gap so that

the best possible MRR is achieved. In chapter 3, it was found out that maximum

MRR is achieved at a duty cycle of about 50% for all the values of machining

voltage, and hence, all experiments aimed at achieving the highest MRR are con-

ducted at this value of duty cycle. The effectiveness of the FLC-based controller

in increasing MRR is ascertained by conducting several timed experiments, calcu-

lating the amount of material removed per unit time (MRR) and then comparing

the controlled and the uncontrolled machining processes. For each machining

voltage, three experiments were conducted and the average values of machining

time, diameter and depth of the machined profile used to calculate MRR.

Figure 4.18 shows the effect of gap voltage on MRR for aluminium, brass and

medium carbon steel. The relationship between material removal rate and ap-

plied machining voltage for the machining of Aluminium is shown in Figure 4.18

(a). From this figure, the MRR for the controlled mode is higher than that of

the uncontrolled EDM process, for all machining voltages. The MRR increases

by between 1.6 × 10−3 mm3/min (4%) and 2.2 × 10−2 mm3/min (138%) in the
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Figure 4.18: Effect of gap voltage on MRR for controlled and uncontrolled
machining (TON=50%, f=100 kHz)
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controlled machining mode. This increase in MRR is achieved through realtime

monitoring of the sparking process and control of the spark gap.

The effect of voltage on MRR for brass shown in Figure 4.18 (b) for both the

controlled and the uncontrolled modes. It can be seen that machining under FLC

control results in increased MRR for the entire range of gap voltages. The MRR

for the controlled process increased by between 1.5×10−2 mm3/min (53.2%) and

2.5 × 10−2 mm3/min (183.5%). This increase in MRR for the controlled mode

shows the ability of the adaptive controller in maximizing MRR. Material removal

rate for the optimized EDM process for brass was between 3.5× 10−2 mm3/min

and 4.3×10−2 mm3/min. However, for the uncontrolled EDM process, MRR was

between 1.3 × 10−2 mm3/min and 2.8 × 10−2 mm3/min. These ranges further

illustrate the increased rate of material removal throughout the optimized EDM

process as compared to the non optimized one.

As was seen in chapter 3, MRR in machining of steel was the lowest compared to

MRR in machining of aluminium and brass. The target machining condition is

that the MRR remains high throughout the machining process regardless of the

workpiece material composition, value of gap voltage or any changes in machining

parameters. The process should also result in good surface finish.

The MRR for machining steel in both controlled and uncontrolled modes is shown

in Figure 4.18 (c). From this figure, it can be seen that, MRR for the controlled

process is much higher than that of the uncontrolled EDM process. The dif-

ferences in MRR between the controlled and the uncontrolled processes range

between 9.7× 10−3 mm3/min (39.1%) and 2.1× 10−2 mm3/min (243.1%).

In the uncontrolled mode, it is observed that MRR increases with increase in gap

voltage. However, for the controlled mode, MRR does not change with change

in voltage, but remains constant and at a higher value than for the uncontrolled

mode. The improved MRR is due to the realtime monitoring of the sparking
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process and control of the spark gap in the controlled process.

In conclusion, it has been demonstrated that the FLC based adaptive controller

increases MRR considerably. It has also been seen that using FLC based con-

troller increases MRR by between 4% and 243%. The increased MRR in the

controlled process is achieved by adjustment of spark gap which ensures that the

maximum MRR is achieved throughout the machining process.

4.3.3 Optimization of gap voltage with respect to tool wear rate

Tool wear is a major challenge in most machining processes. Tool life has a

major impact on productivity and cost of machining. In some processes, the tool

life is short and the cost of tooling directly contributes to the costs in machined

products. Electrical discharge machining process is by no means an exception

from higher tool wear rates and shorter tool life cycles [63]. In view of this, the

current research sought to minimize tool wear rate through optimization of the

machining process. For the three materials that were machined, tool wear rate

for each material in the optimized and the non optimized process were compared.

The results are shown in Figure 4.19. This is done in order to test the effectiveness

of the FLC based controller in minimizing TWR.

The effect of gap voltage on TWR in machining of aluminium for both the con-

trolled and uncontrolled modes is presented in Figure 4.19 (a). The results in the

controlled mode show that, the TWR is kept at the minimum attainable value

with the given set of parameters. The TWR for the controlled mode falls between

5.9×10−4 mm3/min and 6.5×10−4 mm3/min, while that in the uncontrolled mode

falls between 5.4× 10−4 mm3/min and 1.02× 10−3 mm3/min. This represents an

average drop of 13.3% in TWR in the controlled mode. It is worth noting that,

at lower gap voltage, TWR for the both processes is almost the same. However,

as the gap voltage increases, the TWR in the uncontrolled mode increases while

that in the controlled mode remains almost constant with a standard deviation of
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Figure 4.19: Effect of gap voltage on TWR for controlled and uncontrolled
machining (TON=50%, f=100 kHz)
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4.38×10−5 mm3/min. The standard deviation for the uncontrolled EDM process

is 1.96× 10−4 mm3/min. This high standard deviation in the uncontrolled mode

results from the fact that, as machining voltage increases, power density across

the spark gap increases. This is because of the absence of rapid and realtime

control that is offered by the adaptive controller in the controlled mode.

The results obtained in the machining of brass are shown in Figure 4.19 (b). The

TWR for the controlled mode ranges between 8.9×10−4 mm3/min and 8.0×10−4

mm3/min. On the other hand, the TWR in the uncontrolled mode falls between

6.0 × 10−4 mm3/min and 7.5 × 10−4 mm3/min. This shows an average increase

of 24.6% in tool wear rate for the controlled mode. However, the MRR to TWR

ratio shows an increase from 2.79 for the uncontrolled mode to 4.91 for the con-

trolled mode. This ratio is shows that for the optimized process, the tool wear

rate per unit MRR is lower for the controlled process. The implication is that

the total amount of tool worn out is reduced for each machining case. This is

because even if TWR is high, the MRR is much higher and thus the machining

time for each product is reduced. Because the total amount of tool wear is di-

rectly proportional to machining time, as machining time is reduced, the amount

of tool wear also reduces.

The results of tests on the effectiveness of the FLC based controller in minimiz-

ing TWR in the machining of steel are shown in Figure 4.19 (c). The TWR

for the controlled mode ranges between 5.5 × 10−4 mm3/min and 6.3 × 10−4

mm3/min, while that in the uncontrolled mode falls between 4.6×10−4 mm3/min

and 8.7× 10−4 mm3/min. This shows an average decrease of 9% in TWR in the

controlled machining of steel.

For the controlled mode shown in Figure 4.19 (c), the standard deviation of TWR

is 3.043 × 10−5 mm3/min while that of the uncontrolled mode is 1.769 × 10−4

mm3/min. This shows that TWR remains almost constant even when the gap
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voltage changes in the controlled machining mode as opposed to the uncontrolled

mode.

4.3.4 Optimization of duty cycle with respect to surface quality

Machining experiments were carried out to test the effectiveness of the FLC based

controller in minimizing surface roughness of the machined surface. The machin-

ing experiments were done at a voltage of 100 V. The duty cycle was varied

between 10% and 90% at intervals of 20%. Results for the relationship between

duty cycle and surface roughness are shown in Figure 4.20, for both the con-

trolled and uncontrolled modes. Figure 4.20 (a) shows the relationship between

duty cycle and surface roughness in machining of aluminium for controlled and

uncontrolled machining modes. From this figure, the surface roughness for the

controlled mode is in the range between 0.42 μm and 0.47 μm while that in the

uncontrolled mode ranges between 0.42 μm and 0.51 μm. This shows an improve-

ment in surface finish by 5%. The standard deviation for the controlled mode

is 0.017 μm, while that in the uncontrolled mode is 0.041 μm. The low value of

standard deviation in the controlled mode indicates a more even surface which

produces better surface finish.

The values of surface roughness, (Ra) are obtained from surface measurements

done by 3D laser scanning microscope which scans the whole surface under in-

vestigation hence they give a more accurate picture of the surface finish. This is

unlike most other surface roughness measurement techniques such as probe based

methods.

Figure 4.20 (b) shows the relationship between duty cycle and surface roughness

in machining of brass. In the controlled mode, surface roughness ranges between

0.52 μm and 0.57 μm with a standard deviation of 0.023 μm. In the uncontrolled

machining mode, the roughness ranges between 0.47 μm and 0.59 μm with a stan-

dard deviation of 0.047 μm. The surface roughness values do not reveal much
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Figure 4.20: Surface roughness for controlled and uncontrolled electrical
discharge machining at different duty cycles (v=100 V, f=100
kHz)
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difference, but the standard deviation indicates that for the controlled mode, the

surface roughness values are close together, an indicator of a surface finish that

is even. The standard deviation for the uncontrolled mode on the other hand

indicates a more uneven surface.

The relationship between duty cycle and surface roughness in machining of medium

carbon steel is shown in Figure 4.20 (c). From the figure, the surface roughness

for the controlled mode ranges between 0.41 μm and 0.45 μm , while that in

the uncontrolled mode ranges between 0.40 μm and 0.49 μm. The standard de-

viations are 0.017 μm and 0.039 μm for the controlled and uncontrolled modes

respectively. Like in machining of brass, there is not much difference in surface

roughness values, but the standard deviations show some difference in the con-

trolled and uncontrolled modes. For the controlled process, the low standard

deviation is an indicator of surface finish that is even, while high standard devi-

ation in the uncontrolled mode indicates an uneven surface finish.

4.3.5 Optimization of duty cycle with respect to material removal
rate

Machining experiments were conducted in order to test the effectiveness of the

controller in the optimization of duty cycle for maximum MRR. The duty cycle

was varied between 10% and 90%. The average diameters and depths of the

holes that were machined were used to calculate MRR. Figure 4.21 shows the

relationships between MRR and duty cycle for machining the three materials in

controlled and uncontrolled modes at different duty cycles. As seen in Figure

4.21 (a), the MRR for the controlled mode remains almost constant whereas that

of the uncontrolled process changes with change in duty cycle. The maximum

MRR in the uncontrolled mode occurs at a duty cycle of 50%. The standard

deviations for machining of aluminium are 8.5× 10−4 mm3/min and 2.98× 10−3

mm3/min for the controlled and uncontrolled modes respectively. These values

show a 3.2% improvement in machining rate for the controlled mode. The low
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Figure 4.21: MRR for controlled and uncontrolled electrical discharge
machining at different duty cycles (v=100 V, f=100 kHz)
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standard deviation in the controlled mode indicates that the controller is able

to ensure that MRR is maintained uniform. Also, high values of MRR indicate

fast machining speeds for the controlled mode. Maximum MRR is achieved by

ensuring that the gap is adjusted in such a way that the power density at the

spark gap is highest, while at the same time avoiding short and open circuits,

which could result in poor surface finish.

Figure 4.21 (b) shows the relationship between duty cycle and MRR for machin-

ing brass at different duty cycles. From this graph, it can be seen that the MRR

for the controlled mode ranges between 1.7 × 10−2 mm3/min and 1.85 × 10−2

mm3/min and for the uncontrolled mode ranges between 1.4 × 10−2 mm3/min

and 1.78×10−2 mm3/min. These ranges indicate that the MRR in the controlled

mode is higher than that in the uncontrolled mode. More specifically, they show

a 9.9% improvement in machining rate in the controlled mode. Also, the stan-

dard deviation of the controlled process is 4.6 × 10−4 mm3/min, while that of

the uncontrolled machining is 1.25× 10−3 mm3/min. These standard deviations

indicate consistent MRR (machining rate) throughout the machining process in

the controlled mode, while they show inconsistent machining rate in the uncon-

trolled mode. As earlier observed, in the uncontrolled mode the MRR changes

from minimum at 10% duty cycle, to maximum at 50% duty cycle after which it

then decreases.

The results for the tests on effectiveness of the controller in the optimization

of MRR for machining steel are shown in Figure 4.21 (c). From this figure,

a similar trend to that observed in machining of aluminium and brass is seen

where the MRR in the controlled mode is higher than that in the uncontrolled

mode. The MRR in the controlled mode ranges between 1.45 × 10−2 mm3/min

and 1.58 × 10−2 mm3/min while that in the uncontrolled mode ranges between

1.02× 10−2 mm3/min and 1.51× 10−2 mm3/min. These values of MRR show an

average improvement in machining rate by 14.9%. The standard deviations for
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the controlled and uncontrolled modes are 0.086 and 0.307 respectively. Like in

earlier discussions, the lower standard deviation in the controlled mode indicates

uniform material removal rate.

4.3.6 Optimization of duty cycle with respect to tool wear rate

Finally, experimental work was done to establish if and to what extent the FLC

based controller is able to reduce tool wear rate in machining of the three ma-

terials under consideration. During the machining process, the tool wear length

for each profile that was machined was recorded and later used to calculate the

tool wear rate which is presented in Figure 4.22. The tool wear rate obtained

from machining of aluminium is shown in Figure 4.22 (a). From this figure, the

tool wear rate in the controlled mode falls between is 5.7 × 10−4 mm3/min and

6.7 × 10−4 mm3/min. In the uncontrolled mode, TWR falls between 6.0 × 10−4

mm3/min and 6.3× 10−4 mm3/min. It can be seen that, TWR for the controlled

process increases as the duty cycle is increased in the controlled mode. However,

the average TWR for the two modes of machining does not show a significant

difference.

In the controlled mode, the ratio of MRR to TWR is 3000 while that in the un-

controlled mode is 2907. These ratios show a 3.2% improvement in the amount

of material removed per unit tool wear. This means that, for the same amount of

tool wear in both controlled and uncontrolled machining modes, the total amount

of material removed in the controlled mode is higher than that removed in the

uncontrolled mode, the result of which is longer tool life.

In the experiments for machining brass to test the effectiveness of the adap-

tive controller in minimizing the TWR the results obtained are shown in Figure

4.22 (b). As seen in this figure, the TWR for controlled mode ranges between

5.8 × 10−4 mm3/min and 7.2 × 10−4 mm3/min, while that of the uncontrolled

machining ranges between 6.0× 10−4 mm3/min and 6.2× 10−4 mm3/min. It can
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Figure 4.22: TWR for controlled and uncontrolled electrical discharge
machining at different duty cycles (v=100 V, f=100 kHz)
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be seen that the tool wear rate in the controlled mode is higher. This would

result in shorter tool life which is undesirable and is thus a subject for further

improvement in the controller. This could have resulted from the fact that the

controller monitors the EDM process by feedback on frequency and periodic times

of discharges, and, gap voltage. However, in machining brass, there was welding

of machined particles and arcing as was reported by Shabgard et al. [15]. These

two processes were not checked and may have been the cause of higher TWR and

poor surface finish.

After some investigation was done to establish the reasons behind the high TWR

in the controlled machining mode, it was found that there was a mix up of brass

workpieces and that the properties of brass for the two workpieces were different.

The ideal experimental work would have been to use brass with matching prop-

erties. However, due to the mix up, the type of the brass material that was used

in the controlled mode was alpha brass (with 65% Cu and 35%Zn), while the one

that was used in the uncontrolled mode was beta brass (with 50% Cu and 50%

Zn). As has been established in all the results obtained in this research work

and in the research done by Shahul et al. [65], MRR, TWR and surface finish are

affected by the electrodes’ materials, i.e., the composition of electrodes materials

influences the conduction properties for both the workpiece and tool electrodes

and therefore, it was impractical to compare the results for the controlled mode

and uncontrolled mode for machining of brass for samples with different physical

properties. However, the adaptive controller was able to reduce the TWR for

controlled machining of this sample and maintain it at a low value regardless of

the mixup. This is a clear indication that the controller is able to monitor the

process and adjust parameters to optimize the EDM process regardless of the

material of the workpiece.

In machining steel, the TWR in the controlled mode has a range of between

5.58×10−4 mm3/min and 6.02×10−4 mm3/min, while in the uncontrolled mode,
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the range of TWR was between 5.88× 10−4 mm3/min and 6.17× 10−4 mm3/min

as can be seen in Figure 4.22 (c). Similar to the case of machining aluminium,

the difference in TWR is significantly small for the two modes and not much

conclusion can be drawn from it.

However, the ratio of MRR to TWR for the controlled mode is 2616 and 2181 for

the uncontrolled mode. These ratios show an improvement of 20% in machining

rate for unit amount of tool wear. An important point to note here is that, since

the controller that was developed is generic in nature, the output/performance

parameters for controlled mode of machining different materials may differ in

magnitude, but generally have a trend of improvement in the output parameters

and higher efficiency in machining.

4.3.7 Summary of the results

From the experimental work carried out to demonstrate the effectiveness of the

FLC based adaptive controller in optimizing the EDM process, the following

general observations can be drawn.

• The controller is able to improve the surface quality of the machined product

by reducing surface roughness by between 6.5% and 70.9% regardless of the

value of gap voltage.

• That the controller is able to improve the machining speed by increasing

MRR by between 4% and 243.1% regardless of the gap voltage.

• The TWR is reduced by 9% or more for all values of gap voltage.

• The surface roughness, measured as Ra, is improved when the controller is

used. This is indicated by decrease in the Ra values and reduced standard

deviation in surface roughness values for the optimized EDM processes.
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• Regardless of any changes in duty cycle during machining, the MRR is

improved by over 3% in the optimized EDM process, and,

• The TWR does not show any significant changes when duty cycle is changed

for both controlled and uncontrolled EDM process. However, the MRR to

TWR ratio is high for the optimized electrical discharge machining process

indicating a healthy EDM process and better use of the tool.
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C

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

From the current research work, it is concluded that;

1. The transistorized pulse generation circuit has been developed, tested and

verified to provide smooth and accurate control and adjustment of duty

cycle, pulse frequency and gap voltage.

2. From the investigation conducted to establish the effects of the machining

parameters on EDM process outputs;

i. increase in gap voltage leads to increase in MRR and TWR for the

uncontrolled EDM process.

ii. increasing gap voltage leads to higher roughness of the machined surface

in uncontrolled EDM process.

iii. MRR increases as duty cycle is adjusted from 10% to 50% after which

it then starts to decrease.

iv. as duty cycle is increased, surface roughness increases in an almost

linear manner.

v. duty cycle has no significant affect on TWR.

3. Following tests done to evaluate the effectiveness of the adaptive controller

in optimization of the EDM process;

i. MRR increases by 3% or higher percentage under the control of the

FLC based adaptive controller.

ii. improved surface finish was achieved in the controlled EDM process.

This is indicated by low surface roughness values achieved in the con-

trolled process.
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iii. tool wear rate reduced in the controlled EDM process for all materials

under investigation as compared to the uncontrolled EDM process.

From these three main conclusions, it is evident that the FLC based con-

troller was able to effectively optimize the EDM process by improving the

machining rate, reducing tool wear and producing improved surface finish

as per the measured output parameters.

5.2 Highlight of the contributions of the study

This study has shed light in the area of electrical discharge machining by in-

vestigating the effects of the machining parameters on the EDM process output

parameters. The study has also ventured into the area of adaptive control by com-

bining the feedback aspect of conventional control with the heuristic capability of

fuzzy logic control. This expands the limits of process control as both approaches

compliment each other in real-time monitoring and control, thus equipping the

resulting controller with the capability of dealing with uncertainties.

5.3 Recommendations for future work

From the results obtained, it is recommended that;

1. A detailed investigation be carried out on the large heat affected zone re-

sulting especially from machining of brass at high gap voltage to establish

the impact on the product quality.

2. The current work be extended to cover other materials that were not inves-

tigated under the current research with a view to increasing the knowledge

base that would be useful in improvement of efficiency of the controller in

optimizing the EDM process by tuning it further.

3. The research be extended to wire electrical discharge machining process

with a view to optimize it.
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4. In development of EDM machines and for achievement of fast response and

speed as desired, more emphasis needs to be put on the design of the spindle

motor driver circuits to emphasize on speed of response.

5. A multi-objective optimization technique such as use of Pareto front can be

applied to extend the scope of this work further.
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Appendix A

A. INITIAL DESIGN OF THE TRANSISTORIZED PULSE
GENERATION CIRCUIT

A.1 555 Timer based pulse generation circuit

The 3D representation of the first design of the pulse generator circuit which is

based on a 555 timer is shown in Figure A.1 and the schematic diagram for the

circuit is shown in Figure A.2.

Figure A.1: 3D representation of the 555 timer based pulse generation circuit
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Appendix B

B. RAW DATA FROM MACHINING EXPERIMENTS

B.1 Calculation of MRR at different gap voltages

Tables B.1 through B.3 show the calculated MRR at the indicated values of gap

voltage for uncontrolled EDM process.

Table B.1: MRR for uncontrolled machining of aluminium at different gap
voltages
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Table B.2: MRR for uncontrolled electrical discharge machining of brass at
different gap voltages

Table B.3: MRR for uncontrolled machining of medium carbon steel at
different gap voltages
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B.2 Calculation of TWR at different gap voltages

Tables B.4 through B.6 show the tool wear rate for each of the indicated voltages

for machining of the three metals for the uncontrolled EDM process.

Table B.4: TWR for uncontrolled machining aluminium at different gap
voltages

B.3 Calculation of MRR for machining at different values of duty
cycle

The data that is used to establish the relationship between MRR and duty cycle

for aluminium, brass and steel is tabulated as shown in Tables B.7, B.8 and B.9,

respectively.

B.4 Calculation of TWR at different duty cycle values

Tables B.10, B.11 and B.12 show the TWR that results from machining with

different duty cycles.

121



Table B.5: TWR for uncontrolled machining of brass at different gap voltages

Table B.6: TWR for uncontrolled machining of medium carbon steel at
different gap voltages
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Table B.7: MRR for uncontrolled machining of aluminium at different values
of duty cycle

Table B.8: MRR for uncontrolled machining of brass at different values of
duty cycle

B.5 Calculation of MRR for controlled EDM process at different of
gap voltages

Table B.13 through B.15show the material removal rates for controlled machining

of aluminium, brass and steel respectively.

123



Table B.9: MRR for uncontrolled machining of medium carbon steel at
different values of duty cycle

Table B.10: TWR for uncontrolled machining of aluminium at different values
of duty cycle
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Table B.11: TWR for uncontrolled machining of brass at different values of
duty cycle

Table B.12: TWR for uncontrolled machining of steel at different values of
duty cycle
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Table B.13: MRR for controlled machining of aluminium

m
m

m m

Table B.14: Computation of MRR for brass at different gap voltages

m
m

m
m
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Table B.15: Parameters and MRR for controlled machining of steel at
different gap voltages

m
m

m
m

B.6 Calculation of TWR for controlled EDM process with respect to
gap voltage

Table B.16 shows the tool wear rates for machining of aluminium at different

machining voltages. From the table, it can be seen that the average machin-

ing time for the optimized EDM process is about 8.4 seconds, which is a lesser

machining time as compared to that of uncontrolled machining process which is

15.1 seconds. This means that the amount of tool wear rate may be higher but

the ratio of MRR to TWR is higher for the optimized process than for the non

controlled process.

The data used for experimental work on controlled machining of brass and the

calculated tool wear rate for each set of experiments is shown in Table B.17.

Tool wear rate for optimized machining process for steel for different values of

machining voltage is worked out as shown in Table B.18. From this table, aver-
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Table B.16: TWR for controlled machining of aluminium at different gap
voltages

m m

age machining time for the optimized electrical discharge machining of steel was

11.1 seconds. This average machining time was higher than the time spent in

machining of brass and aluminium. This means that the machining process for

steel was much slower as compared to machining of the other two metals. This

was also evident in the analysis of MRR for steel. On the other hand, the average

machining time for the non optimized process was 17.5 seconds. The difference in

average machining time for the optimized and non optimized machining of steel

illustrates a significant improvement in terms of speed of machining.
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Table B.17: TWR for controlled machining of brass at different gap voltages

m m

B.7 Calculation of material removal rates for controlled EDM process
at different duty cycles

Table B.19 shows the parameters that are used to calculate material removal rate

for controlled machining of aluminium with different duty cycles.

Table B.20 shows the MRR values that are achieved in the electro-discharge

machining of brass under the control of the FLC based robust controller. The

average values of the diameters and depths of the machined holes are used to

calculate MRR in each case.

In total, fifteen experiments were carried out under identical conditions as those

of the non optimized process and the results tabulated in Table B.20. The only

difference here being that the EDM process is under optimization of by the FLC
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Table B.18: TWR for controlled machining of steel

m m

based robust controller. For machining of steel, MRR that is obtained for each

set of three experiments as shown in Table B.21. Similar experiments had been

done earlier in chapter 3 for the non controlled EDM process.

B.8 Calculation of tool wear rate for controlled EDM process at dif-
ferent duty cycles

Parameters that are measured for the EDM machining of aluminium are shown

in Table B.22 against the duty cycle used for machining. The TWR is calculated

from the average values of tool wear length from three machining experiments as

shown in the table. Also, the average machining time is calculated from the three

machining experiments. The data for experimental work of investigation of the

effectiveness of the robust controller in minimizing TWR in machining of brass

is shown in Table B.23. Table B.24 shows the applied and measured parameters

130



Table B.19: Parameters and MRR for optimized electro-discharge machining
of aluminium

m
m

m m

Table B.20: Parameters and MRR for optimized electro-discharge machining
of brass

m
m

m
m

in the optimized machining of steel and the resultant tool wear rate for each set

of parameters.
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Table B.21: Parameters and MRR for optimized electro-discharge machining
of steel

m
m

m
m

Table B.22: Parameters and TWR for optimized electro-discharge machining
of aluminium

m m
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Table B.23: Parameters and TWR for optimized electro-discharge machining
of brass

m m

Table B.24: Parameters and TWR for optimized electro-discharge machining
of steel

m m
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