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We propose a system dynamic approach for improving the stability of wire electrical
discharge machining (WEDM). The approach includes wire spool inertia isolation and a damped
sandwich mechanism, which increase the fundamental frequency and damping coefficient of the
system, respectively. Thus, the wire tension stability is also improved. We establish a dynamic
model to simulate the dynamic behavior of the wire transport system. Then the wire tension
stability is optimized through tuning the damping material parameters of the damped sandwich
mechanism. The mechanism was mounted on a commercial WEDM machine to show the
benefits in terms of wire tension and machining precision. Results show that the maximum
overshoot of wire tension was reduced by 51% and the steady-state wire tension variation was
improved from 176 to 48 gf. When cutting 10-cm-thick SKDI11 tool steel, the deviation from a
straight line was reduced by 45%.

1. Introduction

Wire electrical discharge machining (WEDM) plays an important role in numerous ultra-
precision industries. During the process, the wire behavior is affected by several interactions,(!)
including a series of discrete explosive forces induced by the collapse of gas bubbles,?®
electrostatic force, electromagnetic forces, and flushing pressure. Under these forces, the wire
suffers flexing and vibration,® resulting in errors in the machined part, such as a corner error,
drum shape,®-%) non-uniform kerf, and poor surface finish. Accuracy can be greatly improved
through multiple trim cuts. However, trim cuts are inefficient as the deviation of the first cut is
significant. To eliminate the inaccuracy, many investigations have focused on tuning factors in
WEDM, including dielectric pressure, wire tension, pulse parameters, wire feed rate, and cutting
rate.(’"?) For example, the corner error is reduced by reducing the cutting speed, pulse energy,
and flushing pressure toward the corner. Meanwhile, the wire tension is raised to as high as
possible to enhance the wire rigidity. Once a corner is rounded, these parameters are restored to
their original values. Using a set of optimal parameters can reduce the corner error by 50%.©)

Among numerous machining factors, stable wire tension has been demonstrated to be more
effective than the other factors in reducing wire flexing and geometry errors.19-13) Machine
manufacturers currently use servo tension control systems(4-19) to solve this problem. The
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system comprises two servo motors, one mounted on the wire supply reel and the other mounted
on the windup reel. A swing arm sensor is employed to stabilize the wire tension by tuning the
feed rate and windup rate. According to Fanuc’s twin servo wire tension control,!9) the variation
of the tension can be reduced to less than one-quarter of that of an open-loop system.(”-18) In
addition, the slow reaction of the servo motor is capable of reducing the variation of the tension
at low frequencies. However, high-frequency variation cannot be reduced, thus reducing
performance.

We previously developed two methods to improve wire tension stability.(11112) The first
method was to employ an angle sensor to keep the wire feed rate in sync with the windup rate.
The wire spool inertia was isolated from the wire transport system, thus greatly increasing the
fundamental frequency of the system. The second method was to develop a damped sandwich
mechanism (DSM) to increase the damping factor of the wire transport system. After mounting
wire spool isolation and DSM on the system, the wire tension variation was reduced by 80%.
Compared with servo wire tension control systems, both devices are cost-effective and easily
mounted on a commercial WEDM machine. However, the damping material parameters of the
DSM, including the stiffness and damping coefficient, were not investigated. As reported in this
paper, a dynamic model of the wire transport system is constructed and the effect of the DSM
parameters on the system behavior is studied. Finally, the performances of the DSM are
validated through cutting a workpiece of 10 cm thickness.

2. Theory

The wire transport system of a WEDM machine is illustrated in Fig. 1. As the windup reel
operates, the wire moves from the wire spool and passes through stages a to i to the waste bin.

Tension
reel

Machined
section

Waste bin

Fig. 1.  Wire transport system of WEDM.
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Reel 1 is used to ensure a smooth connection between the wire spool and reel 2. Reels 2 and 3
are V-groove reels placed on both sides of the tension reel. The V-grooves are used to prevent the
wire from jumping the rim of the tension reel. The tension reel is connected to a magnetic
powder brake, which generates the wire tension through voltage-induced friction.

2.1 Isolation of wire spool inertia

In the wire transport system, all idle reels are passively rotated by the friction from the
moving wire. Hence, each reel inertia can be regarded as an individual inertial element in the
system. In the wire transport system, the wire spool inertia is ten times greater than that of the
other reels and induces an extremely low resonance frequency. Hence the system is easily
disturbed by tiny perturbations.

To solve this problem, we previously proposed the concept of wire spool inertia isolation as
shown in Fig. 2. The apparatus used includes an angle sensor, a pulse-width modulation
generator, and a wire feed motor M. As the windup motor M3 operates, the wire between the
wire spool and tension reel M, is gradually tensed, forcing the angle 0 to increase. The angle
sensor outputs an increasing voltage to increase the speed of motor M. In this way, the wire feed
rate is kept in sync with the windup rate so that the wire between the wire spool and tension reel
remains relaxed. The wire spool inertia can be isolated from the wire transport system so that
the fundamental frequency of the system can be greatly increased.

2.2 Damped sandwich mechanism

A DSM is proposed to increase the damping factor of the system as shown in Fig. 3. The
mechanism is composed of a base, two fixed reels, and a moving reel whose axis is connected to
a damped sandwich beam. The damped sandwich beam is composed of multiple viscoelastic
layers sandwiched between elastic layers. Its spring constant and damping coefficient can be
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Fig. 2. Wire spool inertia isolation. Fig. 3. Illustration of DSM.
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Waste bin

Fig. 4. Wire transport system with DSM.

tuned by adjusting the number of layers, shape geometries, materials, and so forth. The DSM is
placed in front of the upper nozzle. The wire tension fluctuation is effectively attenuated through
the oscillation of the sandwich beam. Mounting both devices on the wire transport system as
shown in Fig. 4 increases the system stability due to the increased fundamental frequency and
damping factor.

3. Physical Model of Wire Transport System

To study the performance of the DSM in the wire transport system, a physical model is built.
The wire and reel in the system are respectively simulated as a spring element and a rotary
inertia. The DSM is simplified to a spring-mass-damper system. The system is modeled as a
multi-degree-of freedom (MDOF) system.

The rotary inertia of each reel and the spring constant of each wire segment can be expressed
as

[, =" 1
= )
kn=A;E", @)

where 1, m,, and r, represent the rotary inertia, mass, and radius of the nth reel, while 4,, E,,
and /, are the cross section, Young’s modulus, and length of each wire segment, respectively.
Subscripts 7 and W respectively denote the tension reel and wire reel.
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Fig. 5. (a) [llustration of wire transport system and (b) corresponding MDOF model.

The wire transport system can be simplified to that in Fig. 5(a) and modeled as a six-degree-
of-freedom system as shown in Fig. 5(b), where km, m, and c are respectively the spring constant,
mass, and damping coefficient of the DSM. If the wire spool inertia is isolated, the wire between
the wire spool and the tension reel is relaxed. Hence, the rotary inertias of the wire spool, reel 1,
and reel 2 can be ignored. The wire transport system can be modeled by specifying these reel
inertias as infinitesimals.

The governing equation of the model illustrated in Fig. 5(b) is derived as follows. The
equation of motion for reel 4 is

where the first term on the right-hand side is the moment on /; due to ks, while the second term
is the moment due to k4, and x is the deflection of the DSM. The third term is the external
moment M,. The equations of motion of the other reels are as follows.

(I +1)0; =k, rpx — (k,, + k3 )17 Op + ksrs iy 0y + crpx — rF O @)
1,0, = kyryrp0p — 1 (ky + k3)05 + kyriry6), )

16, = ky1i1,0, — 17 (ky + k)0, + kyiriy 6 ©)

IWéW =kyry 16, _"viklew (7

In addition to the rotation of all reels, the DSM is a translation system whose equation of
motion is
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i = ky (1304 = X) —k,, (x = 07 ) — (= 1y 6 ), ®

where m is the mass of reel 3, and %, and ¢ are respectively the spring constant and damping
coefficient of the DSM. The first term on the right-hand side is the restoring force due to kg,
while the second and third terms are the restoring and damping forces due to the DSM,
respectively. The model shown in Fig. 5(b) can be expressed in matrix form:

10+CO+KO=M, )

where 0 = {0,, x, 0, 0,, 0,, 0,7 is the angle of each reel and x is the displacement of the DSM;
M = {My(t), 0, 0,0, 0, 0} is the excitation and only reel 4 is assumed to be excited; I and K are
the inertial and stiffness matrices, respectively, which can be expressed as

I, 0 0 0 0 0
0 m 0 0 0 0
0 0 I, 0 0 O
I= , (10)
0 0 0 I, 0 O
0 0 0 0 I O
00 0 0 0 1]
(kg ks —kyry 0 0 0 0 |
—kyry ky + k,, —k,,rr 0 0 0
. 0 —k,rr (kg +k, ) —ksrory 2 0 0 o
0 0 —kyrary  (ky + k315 —kynr, 0
0 0 0 ~koriry U+t ki
0 0 0 0 —kyriy kirip |

C is the damping matrix resulting from the damping coefficient of the DSM and is expressed
as

0 0 0 00O
0 ¢ =cr 0 0 O
|0 —o ey 00 0| 1)
0 0 0 00O
0 0 0 00O
0 0 0 00 O]
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The frequency response of the wire transport system can be obtained by substituting the
excitation and response as harmonic functions. Equation (9) can be expressed as

[K - w21+ia>c] 0=M, (13)

where 0 = {04, X, 0r, 0,, 0, HW}T is the amplitude of §, M = {1, 0, 0, 0, 0, O}T is the amplitude of
M, and w is the excitation frequency. Then the response can be obtained as

0= K- +ia)C]7l M. (14)

After solving Eq. (13), the variation of the wire tension 7 in the machining section can be
expressed as

T =k,(r,0, —x). (15)

4. Numerical Simulation
4.1 Frequency response of wire tension

After deriving the governing equation, the dynamic behavior of the system is simulated. The
rotational inertia of the wire spool is easily simulated by designating the wire spool, reel 1, and
reel 2 inertias as infinitesimals. On the other hand, the effect of the DSM is removed by setting
an extremely large value for its spring constant.

The parameters of the wire transport system are listed in Tables 1 and 2. The mass, spring
constant, and damping ratio of the DSM are m = 20 g, k,,= 1600.0 N/m, and &= 0.2, respectively.
The wire diameter and Young’s modulus are 25 um and 1.1 x 10" N/m2, respectively. A
harmonic torque with 1 Nm amplitude is located at reel 4 and the frequency response of the wire
tension is shown in Fig. 6. The results show that the fundamental frequency of the original
system is 4.1 Hz. After isolating the wire spool inertia, the fundamental frequency rises to

Table 1

Parameters of the wire transport system (reels).

Parameter Wire spool (/) Idle reel 1 (1) Idle reels 2,3 (1, Iz) Tension reel (/7)
Mass (kg) 5.0 0.35 0.04 1.0
Diameter (m) 0.12 0.09 0.085 0.14
Thickness (m) 0.2 0.15 0.015 0.025
Table 2

Parameters of the wire transport system (wires).

Segment 1 (k) Segment 2 (k7) Segment 3 (k3) Segment 4 (k4) Segment 5 (ks)
Length (cm) 33 18 20 110 100
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Fig. 6. Frequency responses of four wire transport systems.

11.5 Hz. The result shows that the wire spool inertia significantly decreases the fundamental
frequency of the system. Using the DSM, the fundamental frequency decreases to 2.2 Hz.
Although the magnitude of the resonant peak is also slightly reduced, the extremely low
fundamental frequency reduces the stability of the wire tension.

Once the wire spool inertia is isolated and the DSM is mounted on the system, the
fundamental frequency is 7.2 Hz and the resonance peak is also greatly reduced. The result
shows that the DSM is a flexible mechanism that decreases system rigidity but can greatly
increase system damping. However, a very low DSM stiffness may lead to system instability due
to the low fundamental frequency. Thus, DSM stiffness is critical to system stability, and the
next section presents a parametric study of DSM stiffness.

4.2 DSM behavior in wire transport system

From the previous section, the wire spool inertia plays a major role in reducing system
resonance, and the DSM further enhances the damping coefficient of the system. However,
improper DSM parameters may also decrease the fundamental frequency of the system, thus
inducing instability. To optimize the performance of the DSM, its spring constant is used as the
design parameter, and the mass m and damping ratio ¢ are fixed as 20 g and 0.2, respectively.
Through tuning the spring constant £,,, the damping coefficient is obtained as 25\/km_m . Then,
the modal loss factor (first mode) and time constant of the wire transport system are obtained.
Systems with and without the wire spool inertia under different DSM spring constants are
investigated.

Figure 7 illustrates the modal loss factor, defined as the ratio of the frequency w, to the
difference between the two frequencies (w, — ;) on either side (3 dB below the peak amplitude)
of the resonance. The maximal value occurs because of the very small spring constant. Although
the damping coefficient of the DSM is relatively small, the displacement of the DSM is so large
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that the variation of the wire tension can be effectively attenuated by damping the DSM.
However, the modal loss factor decreases as the spring constant of the DSM increases. Although
the damping coefficient is large, the deformation of the DSM is too small to exhibit any damping
ability.

The time constant, defined as 7= 1/w, ¢, is used to represent the decay rate of the system after
loading an impulse, and a shorter time constant achieves greater stability. The time constant is
illustrated in Fig. 8. The minimal value of the time constant for the system without wire spool
inertia is 0.48 s when £, = 1500.0 N/m. When £,, is greater than 1500.0 N/m, the time constant
increases very slightly. For another system, the minimal time constant is 3.7 s and occurs at
k, = 1000.0 N/m. When £,, increases, the time constant also increases. The optimal time
constant for the system without wire spool inertia is at least eight times that of the original
system. Therefore, the optimal time constant can be easily obtained, provided an appropriate
DSM is mounted on the system.

5. Experiment

To test the performances of wire spool inertia isolation and the DSM, the wire transport
system of a commercial WEDM machine (JS W-A30) is equipped with a DSM to cut an SKDI11
mold steel. The machining parameters and those of the DSM are respectively shown in Tables 3
and 4. The wire passes through the tension meter and the DSM after the tension reel and then
enters the upper wire guide. The wire tension is measured using a fast Fourier transform
analyzer (LDS RT Photon Pro).

5.1 Step response of wire tension
In this experiment, the wire tension setting is about 1000.0 gf and the wire transport system

starts from a stationary state. The wire tension recorded during the process is shown in Fig. 9.
For the original system, the wire tension increases to a maximal overshoot of 1385 gfatr=0.23 s
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Table 3 Table 4
Program setup of WEDM. Parameters of DSM.
Machining program Value Constrained layer Viscoelastic layer
On time 0.8 us (ABS) (Bitumen)
Off time 8 us Length (m) 0.06 0.06
Arc on 0.7 us Width (m) 0.02 0.02
Arc off 10 ps Thickness (m) 0.002 0.002
Servo voltage 28V Layer number 4 3
Wire tension 1000 gf
Wire feed 10.2 m/min
Feed rate 0.4 mm/min
Flushing pressure 0-1 kg/em?
1500
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Fig. 9.  Step response of the wire transport system.

and gradually decays to 1000.0 gf. When ¢ = 0.888 s, the wire tension reaches a steady state (5%
steady-state error). For the system with the DSM and wire spool inertia isolation, the maximal
overshoot of the wire tension is 188.8 gf at # = 0.1 s. The oscillation frequency is significantly
higher than that of the original system, indicating that the maximal overshoot, settling time, and
rising time are greatly improved. When wire tension fluctuates, the variation of the tension can
be eliminated more rapidly.

5.2 Steady-state response of wire tension

Figure 10 illustrates the wire tension in the time domain when the wire transport system
operates in a steady state. Peaks of the original system occur at 2-3, 19, and 37 Hz, which are
respectively the first and second resonant frequencies and the rotary frequency of the windup
motor. The variation is 176 gf and the standard deviation is 31.5 gf.

After isolating the wire spool inertia, the main oscillation frequency increases to 9.0 Hz, the
variation range is 125 gf, and the standard deviation is 15.1 gf. Hence, isolating the wire spool
inertia significantly increases the fundamental frequency and the system stability. In addition,
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Fig. 10. Steady-state wire tension. Fig. 11. Surface profile of the 10-cm-thick workpieces.

the average wire tension is reduced by 260 gf under the same input voltage for the tension reel.
This is due to the rotary friction of the wire spool being canceled by the wire feed motor, thus
eliminating the need for the windup motor torque to rotate the wire spool.
When the system is only equipped with the DSM, the tension variation is 95 gf and its standard
deviation is 21.4 gf. The fundamental frequency is almost identical to that of the original system.
However, the wire tension in the frequency range of 20—-50 Hz is lower than that of the original
system. These results demonstrate that the DSM is more effective in the high-frequency range. If
the wire spool inertia is excluded, the low main oscillation frequency renders the DSM
ineffective.

When the system is equipped with both devices, the average wire tension is 260 gf lower than
that of the original system. The main oscillation frequency is 9-10 Hz and the variation is 48 gf
(with a standard deviation of 6 gf). This result implies that mounting both devices on the system
improves its stability.

5.3 Straightness of workpiece

To identify the impact of wire tension stability on the resulting straightness, a workpiece is
produced using 10-cm-thick SKD11 mold steel. The wire tensions of the original system and the
new system are both tuned to 1000 gf, while the other machining conditions are kept constant.
Figure 11 shows the results, where the respective straightness values for the original and new
systems are 40.2 and 22.3 pm. This result verifies that the new wire transport system improves
straightness by up to 44.5% under the same wire tension level. The increased wire tension
stability improves the lateral vibration of the wire and thus improves the straightness.

6. Conclusions

A system dynamic approach for improving the wire tension stability in WEDM is proposed.
An angle sensor is employed to keep the wire feed rate in sync with the windup rate, effectively
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isolating the wire spool inertia. Then a DSM is employed to increase the damping factor of the
wire transport system. The performances are theoretically investigated and experimentally
validated on a commercial WEDM machine. The theoretical analysis shows that the fundamental
frequency and damping factor can be effectively increased, thus increasing the stability of the
wire transport system. Experimental results demonstrate that the variation of the wire tension
can be reduced by 73%. When cutting a 10-cm-thick mold steel workpiece, the workpiece
straightness was improved by 45%.
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