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Abstract This paper investigated the wire tension
change in high-speed wire electrical discharge machin-
ing (HSWEDM). The symmetry of the wire-winding
mechanism and the resistance to the wire electrode on
the upper and lower guide frames were considered the
main causes of a non-even wire tension. Combined with
the simulation model and the redesigned wire-winding
mechanism, the adjusting wheel and the protection
block were used to control the symmetry of the wire-
winding mechanism and the resistance to the wire elec-
trode on the upper guide frame. The wire tension was
found to be capable of remaining stable in the machin-
ing process. The redesigned wire-winding mechanism
can improve cutting stability and efficiency in large
thickness cutting processes as well as the consistency
of workpiece dimension in multi-cutting processes.

Keywords HSWEDM - Wire tension - Large thickness
cutting - Multi-cutting
1 Introduction

Wire electrical discharge machining (WEDM) is a non-
traditional process for machining various difficult-cutting

>4 Liu Zhidong
liutim@nuaa.edu.cn

College of Mechanical and Electrical Engineering, Nanjing
University of Aeronautics and Astronautics, Nanjing 210016, China

electrically conductive materials with precise, complex,
and irregular shapes in the automobile, aerospace, and
electronics industries, which with a flexible metal wire
as an electrode transforms electrical energy into thermal
energy for removing materials [1-3]. And the WEDM
machines can be categorized according to wire running
speed, that is, high-speed WEDM (HSWEDM) machines
and low-speed WEDM (LSWEDM) WEDM machines
[4, 5]. The high-speed WEDM machines were originally
developed in China, and they exhibit high performance
to price ratio and good capability to process large and
thick workpieces [6]. The wire electrode used in HSWE
DM is reciprocated for use and its speed is 8-12 m/s,
which is significantly higher than that in LSWEDM [4].
In the WEDM process, the wire electrode is always
pushed away from the workpiece by the discharging
force [7, 8], thus resulting in a form and position error
that changes with wire tension [9]. So wire tension
strongly influences the dynamic position accuracy of
the wire electrode, especially the non-even wire tension
problem in the HSWEDM process. That is, the tensions
of the wire electrode at both ends of a wire-winding
cylinder become inconsistent after running a certain pe-
riod [10]. This problem can cause a short circuit, an
open circuit, and a series of abnormal discharge phe-
nomena, which, in turn, can affect the machining accu-
racy and surface quality of a workpiece [11]. For this
reason, it is necessary to investigate further the regular-
ities of the wire tension change in HSWEDM and find
out some effective methods to solve non-even wire ten-
sion problem to improve the machining precision and
cutting stability. Liu et al. and Li et al. [10, 11] have
studied the effect of power parameters and dielectric
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Table 1 Experimental conditions 2 Cause analysis of wire tension change
Item Parameter

Wire electrode Length=250 m, ¢=0.18 mm

Wire speed 12 m/s
Upper and lower guide wheel distance ~ 300 mm
Initial wire tension 8N

Weight constant
tension device

Fig. 1 Weight constant tension device and tension test device

fluid on the wire tension change in HSWEDM; thus,
this paper will study mainly the effect of wire-winding
mechanism on the wire tension change. Then, simula-
tion analysis is performed to redesign the wire-winding
mechanism and conduct a series of comparison
experiments.

Fig. 2 Principle diagram of
tension test device

2.1 Experimental conditions and results

The experiment was conducted in a typical HSWEDM
machine, and the conditions are listed in Table 1. First,
this paper used the weight constant tension device
(Fig. 1) to generate an initial tension for the wire elec-
trode and applied the test device to sample the wire
tension waveform. Then, the wire electrode is pulled
away from the weight constant tension device until the
wire tension is stable.

The principle of the tension test device is shown in
Fig. 2. It uses a resistance strain sensor to convert wire
tension into electrical signal, which in turn is amplified
and converted into digital signal with the HX711 chip.
And the digital signal is transmitted from the lower
computer to the host computer by the MAX232 chip;
thereby, the sampling data of wire tension can be
displayed real-timely and stored with the LabVIEW
software. As shown in Fig. 3, the initial wire tension
can be measured at approximately 8 N.

Tension waveforms are shown in Figs. 4 and 5 after
running 10 and 100 min, respectively. The lower wave-
form in Figs. 4 and 5 is wire speed.

The above two figures show that the tension wave-
form exhibited peaks when changing moving direction.
With increased running time, one peak becomes con-
cave, whereas the other becomes convex. And tension
waveform of positive moving (wire electrode moving
from top to bottom) and negative moving (wire elec-
trode moving from bottom to top) is not symmetrical
but staggering.
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Fig. 3 The initial wire tension

2.2 Analysis of wire tension change

Figure 6 depicts the schematic diagram of the wire-
winding mechanism in HSWEDM. When the wire-
winding cylinder begins to positive accelerate, the wire
electrode needs not only to overcome the friction with
the conductive block (ignoring the friction between the
wire electrode and the guide wheel) but also to over-
come the inertial force (in the opposite direction of the
wire electrode movement) that is brought about by
guide wheels during acceleration. When the wire-
winding cylinder is in uniform motion, the wire elec-
trode just needs to overcome the friction with the con-
ductive block. When the wire-winding cylinder begins
to positive decelerate, guide wheels will give the wire
electrode an inertial force of deceleration (in the same
direction of wire electrode movement). The same phe-
nomenon happens with negative moving.

As shown in Fig. 7, if a motor that is in uniform
motion is stopped, the tension waveform will rise. If
the motor is then run again, the tension waveform will
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Fig. 4 Wire tension after running for 10 min

Fig. 5 Wire tension after running for 100 min

immediately return to normal. After the moving direc-
tion is changed, the tension waveform will present a
peak in the corresponding position of the wire-
winding cylinder where the motor stopped. This phe-
nomenon shows that the peak of the tension waveform
is generated by inertial force brought about by guide
wheels.

Figure 8a, b shows the tension waveforms when the
protection block is pressed and loosened, respectively.
Comparison of the figures suggests that the symmetry
of the tension waveform is associated with the protec-
tion block. The formula of the friction between the
conductive block and the wire electrode is as follows:

F = (e"-1)-T

Here, F is the friction between the conductive block
and the wire electrode, T is the wire tension, p is the
friction coefficient between the conductive block and
the wire electrode, and 6 is the corresponding central

protection block

rear guide
wheel

upper conductive
block

upper guide
wheel

lower guide
wheel

wire-winding
cylinder

lower conductive
block

N

Fig. 6 Schematic diagram of wire-winding mechanism
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Fig. 7 Tension waveform when stopping and running the motor

angle between the conductive block and the wire
electrode.

For ease of discussion and accounting, this paper
referred to (¢"’—1) as friction exponent (f). As shown
in Fig. 8a, the tension waveform of positive moving
will be wholly greater than that of negative moving
when the friction exponent of the upper guide frame
(fup) is greater than the lower one (fiow). On the con-
trary, the tension waveform of positive moving will be
wholly less than that of negative moving (Fig. 8b).
Therefore, f,, and fi,,, can determine the tension wave-
form symmetry of positive and negative moving.
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Fig. 8 a Tension waveform when pressing protection block. b Tension
waveform when loosening protection block
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Fig. 9 Tension waveform when £, is close to fioy,

In addition, we found that f,, and fi,,, can determine
the change trend of non-even wire tension in some con-
dition. As shown in Fig. 9, non-even wire tension still
appears when f, is close to fi,,. Analysis suggests that
although f,, is close to fi,, the wire-winding mecha-
nism is not completely symmetric (such as the number
and the installation location of guide wheels on the
upper and lower guide frames). Thus, the wire-winding
mechanism exists as an asymmetric coefficient (f). As
shown in Fig. 10a, the wire tension will present the
change trend of “the motor end loose and the
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Fig. 10 a Change trend of “the motor end loose and the handwheel end
tight.” b Change trend of “the motor end tight and the handwheel end
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Int J Adv Manuf Technol (2016) 82:379-389 383

Eig. 11 . Interface of wire tension [P et (et
simulation
Total Value
,
12 50 12 50
The motor end The motor end
10 40 10 The handwheel end The handwheel end L 40
| The hand\lvheel end The hand\ivheel end 1 | |
S N | S\ | S U (G S * I W—" . S—") U W S
] 1308 2| -30Z
2 Negative | Positive E 'z Negative | Positive E)
2 moving moving 208 8 moving moving 120 &
4 41 L
X \/ \/ v \/ \/ ) - \/ v \/ \/ \/ )
: : ‘ : | : : : : 0 0 . - d . ‘ ‘ . - . 0
3550 3570 3590 3610 3630 3650 3550 3570 3590 3610 3630 3650
Time(s) Time(s)
a d
12 50 12 50
1 The motor end 1 The motor end
10 The handwiicslend. | The hamdwheelend 40 10 The handwheelend | The handwheel end 40
| i | |
Y [ A - Iy | e ) U A e U | W S,
z g g 309
g 6 ; s 2 g 6 g,
2 Negative | Positive E g Negative | Positive E
R A moving moving 20z 3 moving moving 202
1 4
) \/ \/ \/ \/ \/ . : \/ \/ \/ \/ \/ )
0 : . . . : : : ; : 0 0 . . : : ; ; , , : 0
3550 3570 3590 3610 3630 3650 3550 3570 3590 3610 3630 3650
Time(s) Time(s)
b e
12 F50
The motor end |
10
The handwheel end | The handwheel end +40
8 M—M\/—LE
Z 130%
= &
S 6 : : s =
a8 Negative | Positive E
e i moving moving 20 &
2 \/ \/ \/ \/ \/ ’
0 . . , , 4 r . v : 0
3550 3570 3590 3610 3630 3650
Time(s)
Cc

Fig. 12 a Simulation waveform (f,,=0.05 and f},,,=0.03). b Simulation waveform (m,=nm,=m3=0). ¢ Simulation waveform (f,,=0.03 and fi,,,=0.05).
d Simulation waveform (f,,=0.07 and fj,,,=0.03). e Simulation waveform (f,;,=0.06 and f;,,,=0.03)

@ Springer



384

Int J Adv Manuf Technol (2016) 82:379-389

Fig. 13 Interface of wire tension
control simulation
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handwheel end tight” when f;,,—f,>f. On the contrary,
it will present the change trend of “the motor end tight
and the handwheel end loose” when f,,—fiow<f
(Fig. 10b).

Moreover, a more asymmetric wire-winding mecha-
nism corresponds to a larger asymmetric coefficient
(f), and then the condition of f,,—f,.,<f appears more
easily. Consequently, for the HSWEDM with such wire-
winding mechanism, wire tension is usually tight at the
motor end and loose at the handwheel end [11].

3 Simulation of wire tension change

A comparison of Figs. 4 and 5 demonstrates that with
increasing running time, the wire tension change also
increases and develops toward the trend of non-even
wire tension. However, no parameters were changed in
the test process. This phenomenon suggests that wire
tension has a “potential” self-adjustment process within
the wire-winding mechanism, and this process is unique
to HSWEDM.

Table 2 Simulation

parameters Item  Parameter  Item  Parameter
L 200 m flow 0.03
L, 0.3 m tH+ ls
L, 0.65 m 2 10 m/s
Ly 03 m tH— ls
Ly 0.85 m b+ 1s
my 20 g V, 10 m/s
my 25¢g th— 1s
ms 25¢g Ty 8N
fi 0.05
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For further analysis of the relationship between self-
adjustment process and wire tension change, this paper uti-
lized the LabVIEW Software to establish the corresponding
simulation model of wire tension (Fig. 11), and the simulation
waveforms are shown in Fig. 12.

Here, L is the total length of the wire electrode, L, is
the length of wire electrode between the wire-winding
cylinder and the rear guide wheel, L, is the length of
the wire electrode between the rear and upper guide
wheels, L3 is the length of the wire electrode between
the upper and lower guide wheels, L4 is the length of
the wire electrode between the lower guide wheel and
the wire-winding cylinder, m; is the quality of the rear

Fig. 15 a Schematic diagram of
redesigned wire-winding
mechanism. b Photo of
redesigned wire-winding
mechanism

wire tension
wheel

wire-winding ,/

i

cylinder

wire tension

wheel

adjusting
wheel

guide wheel shaft, m, is the quality of the upper guide
wheel shaft, m; is the quality of the lower guide wheel
shaft, #;+ is the positive acceleration time, V7 is the
positive wire speed, f;— is the positive deceleration
time, #,+ is the negative acceleration time, V, is the
negative wire speed, #,— is the negative deceleration
time, and 7, is the initial wire tension.

The simulation parameters of Fig. 12a are provided in Ta-
ble 2. Wire tension presents the change trend of “the motor
end tight and the handwheel end loose.” That is, f;,—fiow <f-

The simulation parameters of Fig. 12b are the same
as those of Fig. 12a, except for m;=m,=m3=0. A com-
parison of Fig. 12a and b revealed that the peak of

protection block

( B

upper conductive
block

upper guide
adjusting wheel
wheel lower guide
wheel
lower conductive

block

protection block
mechanism
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Fig. 16 a Tension waveform on original mechanism. b Tension
waveform on redesigned mechanism

Table 3  Experimental conditions of large thickness cutting

Item Parameter

Power parameters
Dielectric fluid
Wire electrode

Ton=64 ps, Toff=10, power amplifier tube=5
JRIA (ratio with water is 1:20)

Length=300 m, ¢=0.18 mm

Die steel Cr12

6x4x400 mm

Workpiece material
Workpiece size

Table 4 Experimental results

tension waveform has changed markedly. Thus, the peak
of tension waveform is assumed to be generated by the
inertial force brought about by guide wheels.

The simulation parameters of Fig. 12c are the same as those
of Fig. 12a, except for f,,=0.03 and fj,,,=0.05. Combining
Fig. 8a and b and then comparing them to Fig. 12a, ¢ verifies
that £, and fj,,, determine the tension waveform symmetry of
positive and negative moving.

The simulation parameters of Fig. 12d are the same as those
of Fig. 12a, except for f;,,=0.07 and f},,,=0.03. Wire tension
presents the change trend of “the motor end loose and the
handwheel end tight.” That is, f,,—fiow>f.

The simulation parameters of Fig. 12e are the same
as those of Fig. 12a, except for f,,=0.06 and f},,,=0.03.
In Fig. 12e, wire tension does not present a clear
change trend of non-even wire tension. The reason is
that f,,—fi,w 1s close to f. Combining Fig. 12a and d
verifies that f,;, and fi,, also determine the change trend
of non-even wire tension under some conditions.

4 Wire tension control simulation and wire-winding
mechanism redesign

On the basis of cause analysis and model simulations, the basic
problem of wire tension change is caused by the symmetry of
wire-winding mechanism in HSWEDM. By using the law that
flow and fjoy, determine the change trend of non-even wire ten-
sion under some condition, the relationship between fi,—fiow
and f'can be adjusted to keep wire tension stable.

4.1 Wire tension control simulation

To further verify its feasibility, this paper added a control unit
of f,, on the basis of the wire tension simulation model
(Fig. 13).

All parameters in Table 2 (except for f,,=0) are taken to the
above simulation model, and the simulation waveforms are
shown in Fig. 14.

In Fig. 14a, £, is out of control (i.e., always 0), and the
simulated waveform presents an obvious non-even wire
tension.

In Fig. 14b, the simulation waveform with control is similar
to that in Fig. 12e. In Fig. 14c, f, is close to 0.06, which is

Wire-winding mechanism  Tension waveform

Discharge waveform

Processing time

Original mechanism Present obvious phenomenon of
non-even wire tension (Fig. 17)

Redesigned mechanism Keep stable basically (Fig. 19)

Normal discharge at the handwheel end (Fig. 18a)
and short circuit at the motor end (Fig. 18b)
Normal discharge at both ends (Fig. 20)

Increasing constantly (Fig. 21)

Increasing slowly (Fig. 21)
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consistent with Fig. 12e, thus verifying the feasibility of this
control method.

4.2 Wire-winding mechanism redesign

To combine with practical application demands, this pa-
per redesigned the wire-winding mechanism (Fig. 15).
Thus, the relationship between f,,—fi,,, and f can be
adjusted by controlling an adjusting wheel and protec-
tion block.

Under the same conditions, the original wire-winding
mechanism (Fig. 6) and the redesigned one were utilized to
perform comparison experiments regarding wire tension. The
results are shown in Fig. 16.

A comparison of Fig. 16a and b revealed that the
redesigned wire-winding mechanism can keep wire tension
stable, and the control effect is consistent with the simulation
result.

In addition, the existing weight or closed-loop con-
stant tension device [12, 13] did not consider the loss of
the wire electrode in the machining process, and it just
kept the wire electrode at a constant tension, indicating
that the wire electrode could easily snap when its diam-
eter becomes fine [14]. The redesigned wire-winding
mechanism in this paper cannot only keep wire tension
stable but also realizes that wire tension will gradually
decrease as the diameter of the wire electrode becomes
fine. Thus, the probability of the wire electrode to snap
is greatly minimized.

5 Process comparison experiments
5.1 Large thickness cutting comparison experiment
This paper used the original wire-winding mechanism

and redesigned one to conduct a large thickness cutting
comparison experiment. The experimental conditions are

12 50
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Fig. 17 Tension waveform of large thickness cutting on original wire-
winding mechanism
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Fig. 18 a Discharge waveform at the handwheel end. b Discharge
waveform at the motor end

Time 568.0us 7. 168ms

shown in Table 3, and the experimental results are
shown in Table 4 (Figs. 17, 18, 19, and 20).

In Fig. 21, as the phenomenon of non-even wire ten-
sion became obvious gradually on original wire-winding
mechanism, the probability of short circuit will increase
accordingly, causing processing time to increase
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Fig. 19 Tension waveform of large thickness cutting on redesigned wire-
winding mechanism
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Fig. 20 Discharge waveform at both ends

constantly. However, there was not an obvious phenom-
enon of non-even wire tension and short circuit on the
redesigned wire-winding mechanism, causing the pro-
cessing time to increase more gradually slowly. Com-
pared with that of the original wire-winding mechanism,
the average cutting efficiency of the redesigned device
was improved by 8 %.

Therefore, the redesigned wire-winding mechanism can
effectively improve the cutting stability and efficiency in large
thickness cutting processes.

5.2 Multi-cutting comparison experiment

This paper used the original wire-winding mechanism
and redesigned one to carry out multi-cutting compari-
son experiment. The experimental conditions are shown
in Table 5, and the maximum dimension error of work-
piece is shown in Fig. 22. The findings show that the
redesigned wire-winding mechanism is helpful in im-
proving the consistency of workpiece dimension in
multi-cutting processes. Particularly on the original
wire-winding mechanism, the maximum dimension error

20 1
1.8

1.6
5

1.4 |
—a— Original mechanism

Processing time (h)

1.2 —#— Redesigned mechanism

lob—r
1 2 3 4 5 6 7 8 9 10 11 12 13

Serial number of workpiece

Fig. 21 Processing time comparison of the two mechanisms
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Table 5 Experimental conditions of multi-cutting

Item Parameter

Power parameters 1. Ton=40 ps, Toff=8, power amplifier tube=11

2. Ton=10 ps, Toff=14, power amplifier tube=6
3. Ton=1.6 us, Toff=8, power amplifier tube=11

JR1A (ratio with water is 1:20)
Length=300 m, »=0.18 mm
Die steel Cr12

Octagonal column (distance across flats=12 mm,
thickness=40 mm)

Dielectric fluid
Wire electrode
Workpiece material
Workpiece size

continued to increase, whereas on the redesigned wire-
winding mechanism, the maximum dimension error was
maintained at approximately 6 pm.

6 Conclusions

1. The cause analysis and model simulations showed
that the symmetry of wire-winding mechanism and
the resistance to wire electrode on the upper and
lower guide frames are the basic reasons for non-
even wire tension.

2. The redesigned wire-winding mechanism in this pa-
per cannot only keep wire tension stable but can
also diminish the probability of wire electrode snap-
ping. In addition, it can effectively improve cutting
stability and efficiency in large thickness cutting
processes, as well as the consistency of workpiece
dimension in multi-cutting processes.

—— Original mechanism

—#— Redesigned mechanism

Maximum dimension error (um)

0 | S S [ IS S S N N E—
1 2 3 4 5 6 7 8 9 10 I1 12 13 14 15 16

Serial number of workpiece

Fig. 22 Maximum dimension error of workpiece
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