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Abstract - In this paper, a contribution to the Electrical Disciiat ge 
Machining (EDM) technology is presented. 'I'hc final aim of this 
research is to develop small size EDM systems and rleterniine the 
influence of the voltage and current of the output electrical arc on 
the quality and efficiency of the workpiece machining. The proposed 
system is a dc to dc LCC resonant converter intended to generate 
current controlled arc pulses at a constant frequency that erode the 
workpiece. 
The benefits of this proposal are the following: 1) the system has 
inherent protection under shorl circuit, 2) a siniple h e a r  controller 
results in a highly robust feedback control under load changes and 3) 
the transistors turn-on at zero voltage is guaranteed at any load 
value. The output voltage is intended to be adjusted by an extetnal 
system that controls the arc distance. 

I. INTRODUCTION 

Electrical Discharge Machining (EDM) is an 
electrothermal process EDM uses an electrode positioned at a 
fixed small distance (spark gap) above the woikpiecc, both 
submerged a dielectnc fluid. A pulsating dc power supply or 
EDM generator applies voltage pulses between the electrode and 
workpiece generating sparks or current conduction through the 
gap. Each spark results m locallzed heating that melts a small area 
of the workpiece surface. (Fig 1). 

I 

Fig. I .  Basic EDM process 

Basically, an EDM system consists of the following main 
components [ 11: 
- Workpiece and electrode. 
'- Dielectric fluid. 
- DC power supply. 
- Servomechanism, to maintain a constant gap. 

The metal removal rate (MFLR) and the surface finish 
depend on the magnitude and duration of the discharge. As the 
current is increased, so does the MMR but the surface finish 
decreases. As the discharge frequency is increased, the surface 
finish improves but the electrode wear increases [ I ] ,  [ 2 ] .  

0-7803-6606-9/00/S10.00 @ 2000 I I.EE 

lliere are two types of EDM power supplies: 
a )  Isocnergetic, which providcs constant energy pulses, 

achieving good finishes, its drawback is that if the off-time is 
very long, the electrode wear increases, and as the frequency 
decreases, the MKIi diminishes. 
Isofrequencial, which keeps the dischargc frequcncy constant, 
ciisui-iiig tlic MRK. 

'I'his work presents tlic design of the dc to ac stage of an 
isofrequencial EDM power supply implemented with a current 
source, full bridgc LCC resonant inverter to take advantage of its 
performance with regard to the controllability, efficiency, sizc and 
really cost-ei'fectiveness. 

The main application of this work is the field machining to 
provide maintenance and reparation services to nuclear or 
traditional power plants or any industrial plant. EDM is an 
adequate tcchique to perform machining tasks in nuclear plants 
because it does not produce chips that could cause damage to 
reactor components. In EDM, micron size particles are 
immediately flushed away with the dielectric fluid. In addition, i t  
is ideally suited for underwater applications. 

b) 

11. P R O P O S E D  EDM SUPPLY 

Tlic EIIM gcncrator must provide the voltage and current 
wavel'oi-111s [3] as dcpicted in Fig. 2. 

V,l . Diclcctric breiikdowii 

Fig. 2. Specified EDM waveforms. 

The machining frcquency is specified to be up to I O  kllz. 
During the on-time the generator applies the potential difference 
between the electrode and workpiece to generate and sustain the 
current through the arc, and during the off-time the output power 
is interrupted, causing the arc current drop down to zero. The 
generator must increase the voltage between the electrode and the 
workpiece up to 150 V to ionize the dielectric, that is modeled as 
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an output resistance with a value close to an open circuit 
condition. 

Once the dielectric resistance is overcome the generator 
must sustain an operating point where the arc voltage is around 28 
V and the current is rcgulatcd around 10 A until the end of the on- 
time. 

The proposed solution for the EDM requirements is a Full- 
bridge LCC resonant converter operating at a switching frequency 
of 200 Idiz, used as a current source and is shown in Fig. 3. The 
design sequence of the LCC resonant inverter is oriented to 
achieve the dielectric breakdown and current stabilization with 
maximum stress on the components limited by design. The 
converter topology is such that, working above the resonant 
frequency, the transistors tum on at zero voltage, resulting in 
minimum switching losses. 

The full bridge configuration has been chosen because of 
its capability of converting high powcr. As thc continuous change 
in the gap’distance may lead to load changes from open to short 
circuit conditions, the resonant inverter is designed as a current 
source to provide the system with inherent protection under short 
circuit conditions. The open circuit fiult must be limited by an 
over-voltage protection. 

Fig. 3.  Basic block diagram of the current controlled EDM system using a LCC 
resonant inverter. 

111. CURRENT SOURCE, LCC RESONANT INVERTER 
DESIGN 

Fig. 4 (a) shows the full bridge LCC resonant invcrter. Thc 
circuit input is the utility line rectified voltage, the full bridge 
topology applies a square-wave voltage, vm, to the resonant 
network. T h e  waveforms in the resonant circuit are sine waves, so 
essentially a sine wave appears at  vAB. This analysis method is 
called the fundamental approximation [4], the first harmonic of 
v a  is applied to the resonant circuit as shown in Fig. 4 (b). 

This circuit is described by the following parameters: 
- T h e  ratio of the capacitances, 

A = -  C P  
/- 
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Fig. 4.  (a) Iu l l  bridge I-CC rcsonnnt invcrter. 
(b) Simplilied circuit. 

- the characteristic impcdaiicc at  U,,, 

- thc parallel quality factor, 

To design the LCC resonant inverter as a current source, 
the peak current through the equivalent resistance expression [5] 
is analyzed, 

I \ 2  

Expression (5) has no dependence on the load at the 
frequency, 

0 = m p m  = 0, 

where uo is the unloaded natural resonant frequency of the LCC 
circuit. 

Thus, at this frequency, the equivalent resistance peak 
current becoines, 

- the parallel resonant frequency, 

I 
wp = - m for any value of R;. 
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From (3), ( 6 )  and (7) the parallcl caixxc'tance is obtained 
for a given lR,. 

IV.  CONTROLLER DESIGN 

Taking into accOui1: thc invcrter pnranictcrs ( I )  and (3), tiic 
cxpressions of the scrics capncitancc and tlic inductor are given 
by, 

These expressions depend on thc input voltage, V,, the 
rcsonant frcquency,fo, and the required equivalent resistance peak 
currcnt, In,. 

The transfonner tums ratio, n, is calculated by 

where V,,,,, is the specified maximuni value of the averagc 
output voltage and i ~ , , , , . , ~~  is the maximum value of the peak 
current through R,. 

Tlius, the equivalent rcsistnnce peak voltage is obtained by, 

where Yo is the average value of the on-state output voltage. 
A h  a first approach the half wave rectifier is considered 

with no conduction losses, so the equivalent resistance, that 
ruodcls the rectifier and the load, and the current through i t  are 
finally obtained by, 

The following steps sunmarize the design sequence: 
- The input data: VI, $ 
- Using (1  l),  the transformer turns ratio, n, is obtained. 
- From (12) and (13) peak equivalent resistance voltage and Ri, 
are calculated. 
- Substitution of the resulting values of Ri and H i  into (14) yields 
the equivalent resistance current, f~i. 
- From (8), C, is obtained, the closer standard value is chosen and 
the fi-equency,f; is re-calculated. 
- Finally, a value of A is selected and using (9) and (10) the values 
of C, and L are obtained. 

Yo, V,,,,, P0,J are collected. 

A coriirollcr has bccn dcvelopcd to establish the switching 
frcquciicy of the resonant inverter around coo to fix the desired 
output currcnt during the on-time and above 610 during the off- 
tinle. I t  slioirlcl be noted that the behaviour of the LCC inverter is 
highly ctcpcndcnt on the load except if, for currcnt source 
operation, thc switching frequency is <*, and at this frequency the 
inverter is designed to deliver the nominal output current. In this 
casc, the dcsign of a simple linear feedback control results in a 
highly robust control. 

Firstly, the Bode diagram of the system that represents the 
tmnsfer functions of the output current versus the switching 
frequqcy of the LCC resonant inverter, the voltage to frequency 
convcrter and the current to voltage converter that provides the 
feedback is found. To achieve this, a srnall signal equivalent 
circuit of them is obtained to be simulated with PSpice and find 
its frequency response. 

6 
r, = Wf, 
E, = - I, 0, L 

Fig 5. Small signal cquivalent circuit model of the LCC resonant inverter and the ' 
current 10 v.o!Qge c.o~nverter. 
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The small signal model used is developed in [GI for dc/dc 
LCC resonant converters. It is modified to adapt it to the study of 
the inverter stage (GI in Fig. 3) in addition to the current to 
voltage converter that provides the feedback signal (G2 in Fig. 3). 
The latter is used to measure the current and it  basically consists 
of a current transformer, a rectifier and a load to convert current 
into voltage [ 7 ] .  The resulting small signal equivalent circuit is 
shown in Fig. 5. 

The voltage to frequency converter gain (G3 in Fig. 3) is 
found experimentally and it is included to perform the simulation 
to plot the Bode diagram. Using straight-line approximation on 
the simulated Bode plot, a second-order transfer function is 
obtained and its Bode diagram (Gl*G2*G3) is shown in Fig. 6. 

Fig. 6. Bode diagram of the small signal equivalent circuit. 

The specifications established for the whole system are a 
phase margin, PM = 60" at a crossover frequency fc = oc/277 = 30 
WIZ, well above the switching frequency. 

The proposed controller is a Type 2 controller according to 
the following transfer function [SI, 

The Bode diagram and circuit topology are shown in Fig. 
7. 

The design of the controller results in the following values 
RI  = 1.72 kn, R2 = 560 R, C1 = 57 nF and C2 = 1.8 nF, and the 
Bode diagram is shown in Fig. 8 (a). Fig. 8 (b) shows the Bode 
diagram for the open-loop system, which fits the specified 
requirements of phase margin and crossover frequency. 

V. EXPERIMENTAL RESULTS 

At present, different prototypes have been designed based 
on the techniques presented in this paper. These preliminary 
results confirm a stable behaviour under the control criteria of the 
inverter working at high frequency in the constant current 
operating point in contrast with other design techniques based on 
the reduction of the reactive power in the LCC converter. In this 
section these preliminary results are presented. 

Gnin, dB 
4 

> 1' w (lopscale) " 2  
-90" 
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(a) 

Fig. 7. Type 2 controller: (a) Bode diagram. @) Circuit implementation 

4 
U 

e r  10,. . .. ... . . . ... .. .... .... .. .... .... ... . . - .  ...... l..__ . ..... ... . .. .... . .. .. ~.. .... ,. . .. 

'H --k---i---170 

rrcquucry uw.b) 
rrcq . 3 i 9 e ~ - e i  trctwrinirhcd,  n-robustmar ~ r q i n r .  x-chaws ~ U I S O I  

Phase* -115 19-_- 
If lag i 0 617 dB I Cvrv.i a M n C n t  SI-= - * Parts S h i n  * * 

(b) 

Fig 8 Bode diagrams (a) of the controller, (b) of the open-loop system 
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The resonant inverter is designed following the design 
sequence proposed in Section I11 with V, = 280 V, Ri,mLu = 2500 
V, Vo = 28 V, YO,,,, =150 V, PO = 500 W , f =  200 kHz. The 
resulting circuit parameters are shown in Table 1. The actual 
value of the constructed inductance, L ,  is -160 pH and the load 
resistance, Ri, is 249 Q. The switching frequency is chosen to be 
208 kHz, just above the resonant frequency, so, to assure 
continuous conduction mode under all load conditions. The 
MOSFET transistor selected was the IRFP450 and the circuit 
IR2 1 1 1 as driver. 

The circuit has been verified by emulating the gap 
resistance by means of Ri connected to C,. 

TABLE I 
CIRCUIT IMPLEMENTATION MAIN PARAMETERS 

. . . . .  . .  ' I . .  . . . . . . . .  . . . . . . . . . . . . . . . . .  . . .  . . .  . .  . . .  ' 'T , .  
, . .  . . . . . . . . . . . . . . . . . . . .  q... . . . . . .  : . . . .  : .  . . .  : . . .  .,: 
. . . &  . . .  1 1  . . . .  I . .  . . .  

Fig. 9 shows the transistors switching current and voltage 
at turn on transition, the reference voltage, vrCf, changes from 0 V 
to 2.8 V at 10 kHz. During tlie off-time the switching frequency is 
333 kHz and during the on-time is 208 kHz. 

Fig. 10 shows the experimental waveform of the output 
current of the inverter for a reference voltage, vrCf, that changes 
from nominal operation to arc extinction a n d  vice versa at 10 kHz. 
During the on-time, v,,f = 2.8 V, the system provides a stabilized 
value of current amplitude equal to 2 A and  during the off-time, 
Vrc r=  0 V, the current amplitude is 0.6 A. It is expected that in the 
second case the rectified output current drops below the arc hold 
current, causing the arc extinction. 

Fig. 11 shows the inverter output voltage, thc value of' the 
voltage amplitude is 508 V and the power delivered to the full 
load is 5 16 W. 

Even in the case of being far away of the desired gap 
distance which may produce a load deviation from the nominal 
value, the power supply provides the specified current as shown 
in Fig. 12 where a load change has been emulated using 500 
L2 (150% of full load) connected to C,,. During the on-time tlie 
current amplitude is 1.8 A and during the off-time the current 
amplitude is 0.32 A. 

Fig. 13 shows the output current under short circuit 
conditions. The output current is within the operation range if  the 
electrode and the workpiece would contact somehow. 

AS it has been mentioned above the gap resistance is 
emulated by means of fixed values of resistance, Ri. To verify the 
inverter perfomlance uiider all load cotiditions a discharge lamp 
type Sylvania SHP 250W has been connected to tho circuit. The 
high-pressure sodium (HPS), lamp behaves like a resistance that 
changes from open circuit, in the off-state, to short circuit, just 
after ignition. The results of  this experiment are shown in Fig. 14. 
Fig. 14 (a) shows the output voltage transient, the ignition voltage 
amplitude reaches 1.65 kV and then drops to the short circuit 
condition. Fig. 14 (b) shows the output current transicnt, when the 
lamp ignition is achieved a short circuit current flows through the 
lamp. 

T e k m  IO O M S / s  9 1  Acqs . .  [ T - .  - 1  
f " '  " '  ' ' I  ' ' t '  ""  ' " "  ' I '  "I 

. 3ALi9 zoo0 . ps 1 

I 2: 22: zz 
*de IdIh] 2.00v 

Fig 9. Switching current and voltage at tum on transition 

TeK FiIiw 2 SOMS/s 145 A w s  

. . .  

Fig IO Output current waveform Full load 

I T  _. . - --I Tek 2 SOMS/s  152 Acqs 

Fig. I I .  Oulput voltage waveform. Full load. 
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Fig. 13. Output current undcr short circuit condition 

. . . . . . .I 

I 

t 

Fig. 14. Output wavefomis froin open circuit tu shoit circuit. (a) VolUge. @) 
Current. Load: 111's Lamp. 

VI. CONCLUSIONS 
K Li 1: E R EN c E s 

A resonant converter topology such as the LCC converter 
has been proved to be well suited to fulfill the EDM requirements 
with the addition of  further performances regaIding efficiency and 
current stability under very irregular load conditions. The design 
strategy imposes a nominal operating point where tlie converter 
behaves as a current source then a feedback loop corrects the 
deviations over the nominal current value, achieving very good 
current stability pcrformatice undcr load changcs will1 il simple 
linear control. Up to now different experiments have been carried 
out on a prototype of the LCC inverter stage, emulating the arc 
between the electrode and the workpiece by its equivalent 
resistance. The dimensions of the first prototype is around ten 
times smaller than the present system in operation. Further works 
are in progress to develop the transformer, rectifier and over- 
voltage protection to verify the whole system performance. 
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