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Abstract
Electrical discharge machine (EDM) is one of the widely used manufacturing methods in aerospace 
industry and difficult-to-machine materials field. But the research on theoretical basis and machining 
mechanism of EDM is insufficient. This paper presents a new method for increasing the material 
removal rate (MRR) in EDM by introducing composite pulse power with pre-ignition excitation 
voltage and end pulse inrush current. The pre-ignition excitation voltage provides high effect of spark 
discharge and end pulse inrush current effectively reduces the thickness of the recast layer. In order to 
prove this effectiveness, experiment and simulation is invested. Spark discharge characteristics are 
studied based on the simulated model of composite pulse power in MATLAB/SIMULINK 
environment. Also experiments show that pre-ignition voltage excitation of the pulse produces 
effective spark pulses and end pulse inrush current decrease recast layer. Finally introduction of 
composite pulse power in EDM can provide higher material removal rate than traditional single pulse 
power. 

Keywords: EDM, spark discharge, pulse generator, composite pulse power, pre-ignition excitation 
voltage, end pulse inrush current 

Introduction 
Electrical discharge machining (EDM) is one of the most widely used machining methods as 
an important component of advanced manufacturing technologies with its unique machining 
advantages [1]. EDM uses the heat generated by spark discharge to cut work-piece and it is 
capable of processing high-brittleness, high-toughness, high-strength, and high-hardness 
conductive material [1]. Also, EDM is a kind of non-contact processing technology and has 
no macro cutting force during processing [2, 3]. So it is capable of processing a variety of 
complex surfaces, narrow slit, and low rigidity parts and can guarantee good processing 
surface quality and machining accuracy [4, 5]. Therefore, unique processing advantages of 
EDM make it to be an extremely important and irreplaceable processing means in aerospace 
industry, new materials industries, mold industry, and other fields [6, 7]. But research on 
theoretical basis and mechanism of EDM is still in an unfledged stage and it has been 
becoming a serious obstacle to its further improvements [8, 9]. The working principle of EDM 
process is based on the thermoelectric energy created between a work-piece and an electrode 
submerged in a dielectric fluid with the passage of electric current [10, 11]. 
When pulse voltage is applied between tool electrode and work-piece, electric field is formed 
between two poles. The electric field strength is proportional to voltage and inversely 
proportional to distance between two poles [12]. Electric field strength increases when voltage 
increases or distance decreases. When electric field strength of cathode surface reaches the 
breakdown field strength, field-induced electron emission will occur and electrons escape 
from the cathode surface. Under the effect of electric field, electrons move toward anode at 
high speed and collide with molecules or neutral atoms in dielectric fluid to produce collision 
ionization. 
Negatively charged particles and positively charged particles (positive ions) are formed, 
which leads to an avalanche of charged particles, so that dielectric fluid is broken down and 
a discharge channel forms [12]. Then, dielectric fluid in gap would be vaporized because of 
instantaneous high temperature caused by sudden rise of current. Then, some hydrocarbons 
in dielectric fluid are decomposed into H2 and C particles. With the vaporization and thermal 
decomposition of dielectric fluid, a metal material is also melted until boiled. Volume of
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dielectric fluid after thermal decomposition and metal vapor 
increases instantaneously, so the molten and vaporized 
metal material is thrown out. After the metal material is 
removed, erosion pits are formed on tool electrode and 
work-piece. As pulse voltage drops to zero, pulse current 
drops rapidly to zero. The dielectric fluid is deionized and 
discharge is over. Some parameters that affects the EDM 
process include discharge voltage, frequency of current, gap 
between tool electrode and work-piece, ignition delay time, 
pulse on time, pulse off time, properties of dielectric fluid, 
conductivity of electrodes, eroding area etc[11]. 
Presently, there is no unified comprehension about 
mechanism of EDM due to its complexity and 
particularity.EDM technology is still facing a big bottleneck 

problem unsolved: low molten material removal rate, 
resulting in low machining speed and poor surface quality 
[15]. 
In this paper, a composite pulse power with pre-ignition 
excitation voltage and end pulse inrush current is proposed 
in EDM, and the effect of removing recast layer by the 
action of end pulse inrush current and the enhancement of 
discharge efficiency by the introduction of pre-ignition 
excitation voltage is simulated and experimental verified. 
 
2. A Method of discharge pulse power in EDM using a 
composite pulse power and its experiment 
2.1 Composite pulse power with pre-ignition excitation 
voltage 

 

 
 

Fig 1: Composite pulse generator with pre-ignition excitation voltage 
 

Fig. 1 shows the composite pulse generator with pre-ignition 
excitation voltage. 
The composite pulse power with pre-ignition excitation 
voltage in EDM consists of a high-voltage switched 
discharge circuit and a low-voltage switched discharge 
circuit.  
The high-voltage switched discharge circuit consists of a 
switch Q1 that switches the high-voltage source and a 
current-limiting resistor R1, which acts to form the pre-
ignition excitation voltage at the beginning of the discharge. 
At the beginning of the discharge, an electric field is needed 
to break the dielectric liquid and form the discharge 
channel, which is the larger the gap voltage, the higher the 
dielectric liquid breakdown rate and the shorter the 

discharge breakdown delay time.[14] Hence, it combines high 
voltages (140-300 V) greater than the magnitude of the open 
discharge voltage (80-100 V) used in conventional single 
pulse power supply. High voltage pulses are only excited 
during discharge initiation and not during discharge. 
 The low-voltage switching discharge circuit consists of a 
switch Q2 that switches the low-voltage source, a current 
limiting resistor R2, and a diode D2 that separates the high 
voltage and low voltage sources. The low-voltage switching 
discharge circuit provides the main current of the discharge 
as in the single pulse source. Fig. 2 shows the discharge 
voltage and discharge current profiles in the discharge gap 
in an EDM using a composite pulse power with pre-ignition 
excitation voltage. 
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Fig 2: Discharge voltage and discharge current profiles in the discharge gap in an EDM using a composite pulse power with pre-ignition 
excitation voltage 

 
In Fig. 2, the discharge voltage in the discharge gap is 
turned on the switches Q1 and Q2 simultaneously during the 
ignition time ti to open circuit voltage uo, which is 
represented by the voltage of the high voltage source. The 
voltage of the high voltage source is high enough to exceed 
the breakdown voltage of the dielectric fluid, so that the 
insulation of the gap is broken down to form the discharge 
channel. During the discharge time td, the switch Q1 is 
turned off and Q2 still remains open, so that the main 
current of the discharge current is flowing through the low-
voltage switching discharge circuit. During the recovery 
time tr, the switches Q1 and Q2 are closed, so that the 
insulation of the gap is recovered and this process is 
repeated. The use of composite pulse power with the pre-
ignition excitation voltage can increase the rate of 
breakdown of the dielectric liquid and shorten the ignition 
delay time, thus increasing the material removal rate. 
  
2.2 A composite pulse power with end pulse inrush 

current 
The advantage of the composite pulse power with end pulse 
inrush current is that high pulse current is applied at the end 
of the discharge period, effectively removing the recast 
layer on the surface of the work piece, thus increasing the 
material removal rate. In conventional EDM, only 1-20% of 
the molten material is removed and most of the molten 
material remains on the surface of the discharge crater to 
form the recast layer [15]. 
This phenomenon causes the whole machined surface to be 
covered by countless of discharge craters to form a thick 
recast layer, which leads to a slow machining rate and a 
decrease in machined surface quality. [15] 
To solve this problem, a method of delivering inrush current 
at the end of the discharge cycle is presented. Fig. 3 shows 
the discharge current waveforms in the conventional EDM 
and EDM with the combination of the front, middle and end 
inrush currents. 

 

 
 

Fig 3: Discharge current during conventional pulse power and composite pulse power with end pulse inrush current 
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(a) discharge current in EDM using conventional pulse 
power  

(b) discharge current in EDM using composite pulse power 
with inrush current located in front (c) discharge current 
in EDM using composite pulse power with inrush 
current located in middle (d) discharge current in EDM 
using composite pulse power with inrush current 
located in end 

 
In Fig. 3, (a) is the discharge current waveform in the 
conventional EDM using a single pulse power, and (b), (c) 
and (d) show the discharge current waveform in the EDM 
when a pulse power with an inrush current in front, middle 
and end of the discharge period is used. 

Here ib is the main discharge current, and ii is the inrush 
current in front, middle, and end. Through repetitive 
experiments, the researchers verified that EDM with end 
inrush current had the smallest recast layer thickness. [15] 

 
2.3 Composite pulse power with pre-ignition excitation 
voltage and end pulse inrush current 
We propose a composite pulse power with an end pulse 
inrush current and the pre-ignition excitation voltage that 
can increase the breakdown rate of the dielectric fluid and 
remove effectively that removal of the recast layer. Fig. 4 
shows a composite pulse power that combines the pre-
ignition excitation voltage and the end pulse inrush current. 

 

 
 

Fig 4: The composite pulse power with pre-ignition excitation voltage and end pulse inrush current 
 

3. Simulink and Results in MATLAB/SIMULINK 
3.1 Equivalent model and simulation of discharge pulse 
power 
Spark discharge gap could be equivalent with gap 
equivalent resistor (Rg) in series with gap equivalent 
inductor (Lg). The principles of determining values of Rg 
and Lg, are as follows. 
First, gap impedance is calculated according to gap voltage 
and gap current after gap breakdown. Second, Lg is 
determined by duration of gap voltage and gap current, and 
gap peak current. (Eq. 1) 
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Using MATLAB/SIMULINK, a model of the discharge 
pulse power in EDM using a composite pulse power is 
constructed and simulated. 
 
Table 1 gives the parameters used in MATLAB/SIMULINK 
and Fig 5 shows simulation model. 

 
Table 1: Parameters of simulation model 

 

parameter signal value 
High voltage(V) Vh 140 
Low voltage(V) Vl 85 

Pulse on(us) Ton 70 
Pulse off(us) Toff 30 

Ignition time (us) Td 10 
Limiting resistor of high power(Ω) R1 300 
Limiting resistor of low power(Ω) R2 15 

Limiting resistor of inrush current(Ω) R3 1 
Discharge resistor(Ω) Rd 6 

Discharge inductor(uH) Ld 1 
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Fig 5: Simulation model of pulse power in EDM using composite pulse power 
 

 
 

Fig 6: Simulation result, (a); discharge voltage waveform (b) discharge current waveform. 
 

3.2 Simulation Results and Discussion 
The simulation results are shown in Fig. 6. The simulation 
results show the current waveforms in the discharge gap 
shown in Fig. 3. The pre-ignition excitation voltage was 
applied at the beginning of the discharge, the main 
discharge current was provided after ignition, and an inrush 
current was observed at the end. At the beginning of the 
discharge, the pre-ignition excitation voltage is applied, 
which breaks down the dielectric fluid insulation for 10㎲, 
and then the main discharge current begins to flow. An 
inrush current flows for 30 us at the end of the discharge. 
During the inrush current, an increase in the discharge 
voltage was observed because the discharge gap was 
equivalent to a fixed resistance and inductance. Through this 
simulation, the effect of the pre-ignition excitation voltage 
at the beginning of the discharge and the inrush current 
action at the end of the discharge are considered. 
 
4. The Experiment and results in EDM using composite 
pulse power with the pre-ignition excitation voltage and 

the end pulse inrush current 
4.1 The Experiment in EDM using composite pulse 
power with the pre-ignition excitation voltage and the 
end pulse inrush current. 
In order to verify the superiority of EDM with composite 
pulse power, which combines the pre-ignition excitation 
voltage and the end pulse inrush current, a comparison 
experiment with the conventional single-pulse power is 
carried out on the die sinking EDM machine for material 
removal rate. The high voltage of EDM machine is 140 V, 
low voltage is 85 V, and the low voltage pulse power is 
adjustable from 0 to 60 A. 
The applying of pre-ignition excitation voltage is 10 us, the 
magnitude of the end pulse inrush current is set to the 
maximum current value (60 A) of pulse power and its 
duration is 30 us. The composition of the alloy work piece 
used in the experiment is shown in Table 2 
Also, kerosene was used as a dielectric fluid and 
commercial copper was used as a tool. 
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Table 2: The composition of the alloy work piece used in the 
experiment 

 

material C Cr Ni Mo V 
Weight (%) 0.38 1 1 0.2 0.2 

 
In the experiment, the material removal rate (MRR) is 
considered separately for different conditions with and 
without pre-ignition excitation voltage and with and without 
end pulse inrush current. 
The calculation method of material removal rate can be 
found by the following equation: 
 

 (2) 
 
Here  
Vb - Volume of material before processing 
Va - Volume of material after processing 
t - Machining time 
 
Each experiment is compared by measuring the time taken 
for 40 ㎜drilling in a rough regime (high discharge current 
and long pulse time) using a cylindrical tool of 10 ㎜ 
diameter. 
 
4.2 Experimental Results and Discussions 
In the experiment, the factors affecting material removal 
rate are mainly the discharge current and pulse-on time, and 
the pulse-off time does not significantly affect the process.  
Hence, experiments are carried out with different discharge 
currents and pulse-on times. 

The experimental results are shown in Table 3. 
 

Table 3: experimental results 
 

№ 
Discharge 

current 
(A) 

Pulse 
on 

(㎲) 

Pulse 
off 
(㎲) 

MRR1 
(㎣/min

) 

MRR2 
(㎣/min

) 

MRR3 
(㎣/min

) 
1 20 100 120 12.79 20.37 25.73 
2 20 200 120 19.24 24.33 31.33 
3 20 300 120 23.12 26.87 35.64 
4 30 100 120 21.45 30.28 42.49 
5 30 200 120 31.86 36.55 55.30 
6 30 300 120 33.38 39.18 58.42 
7 40 100 120 32.18 45.45 47.54 
8 40 200 120 48.02 57.60 70.68 
9 40 300 120 64.25 69.74 94.38 
 
As shown in Table 3, the experiments were carried out with 
the discharge current varying 20, 30 and 40 A, pulse-on 
time of 100, 200 and 300㎲, and the pulse-off time fixed at 
120㎲. MRR1 is the material removal rate when 
conventional single pulse power is used, MRR2 is the 
material removal rate when the pre-ignition excitation 
voltage is applied, and MRR3 is the material removal rate 
when the pre-ignition excitation voltage and the end pulse 
inrush current are introduced. The experimental results in 
the table clearly show the increase of the material removal 
rate by the introduction of the pre-ignition excitation voltage 
and the introduction of the end pulse inrush current. Table4 
shows the growth rate of the material removal rate of each 
experiment. 

 
Table 4: The growth rate of the material removal rate 

 

№ Discharge current (A) Pulse on (㎲) Pulse off (㎲) MRR2/MRR1 MRR3/MRR1 
1 20 100 120 1.59 2.01 
2 20 200 120 1.26 1.63 
3 20 300 120 1.16 1.54 
4 30 100 120 1.41 1.40 
5 30 200 120 1.15 1.51 
6 30 300 120 1.17 1.49 
7 40 100 120 1.41 1.04 
8 40 200 120 1.20 1.23 
9 40 300 120 1.09 1.35 

 
As can be seen in Table 4, the effectiveness of applying the 
pre-ignition excitation voltage and the end pulse inrush 
current is significant. When only the pre-ignition excitation 
voltage is applied, the material removal rate is increased by 
a maximum of 1.59 times, especially when the pulse-on 
time is 100㎲, the effect is all more than 1.41 times higher. 
However, the increase rate is 1.09-1.17 times less effective 
when the pulse-on time is 300㎲. This indicates that the 
reason for this effect is the effective spark discharge during 
the initial discharge and the short ignition time. 
Also, with the introduction of the pre-ignition excitation 
voltage, the material removal rate increased by a maximum 
of two times with the introduction of the end pulse inrush 
current. 
This effect is more pronounced for the larger difference 
between the main discharge current and the inrush current. 
This indicates that the recast layer at the end of the 
discharge is effectively removed by the introduction of the 
end pulse inrush current with efficient discharge by the 

introduction of the pre-ignition excitation voltage, resulting 
in higher material removal rate. 
 
5. Conclusion  
To speed up EDM machining, a composite pulse power with 
pre-ignition excitation voltage and end pulse inrush current 
is proposed, and simulation is carried out in 
MATLAB/SIMULINK environment to validate the control 
method and verify the effectiveness of the proposed 
composite pulse power through experiments. 
In EDM machining, a pre-ignition excitation voltage is 
introduced to provide an efficient spark discharge by 
applying a high excitation voltage at the beginning of the 
discharge to increase the probability of breaking the 
dielectric liquid insulation. 
In addition, an effective end pulse inrush current was 
introduced to remove the recast layer at the end of 
discharge. Therefore, a method is proposed to increase the 
material removal rate by introducing a composite pulse 
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power with an pre-ignition excitation voltage and an end 
pulse inrush current. 
1) Simulation model of the pulse power with pre-ignition 

excitation voltage and end pulse inrush current of EDM 
is established and simulated in MATLAB/SIMULINK 
environment to verify the accuracy of the simulation 
model and its control method. 

2) Through experiments on the pulse power with the pre-
ignition excitation voltage and end pulse inrush current 
of EDM machine, a comparison between the pulse 
powers with the single pulse power, and with the initial 
excitation voltage, and with the initial excitation 
voltage and the end-pulse inrush current is made.  

 
The results demonstrated the effect of increasing the 
material removal rate in a pulse power with initial excitation 
voltage compared to a single pulse source, and increasing 
the material removal rate of a pulse source with both pre-
ignition excitation voltage and end pulse power compared to 
a pulse power with pre-ignition excitation voltage. 
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