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Abstract

As servo presses were developed, forming modes became more diverse. However, limited by their own capabilities of motion
mechanism, servo presses exhibited differences in the inputted and outputted motion curves, which caused result differences
between forming analysis and actual forming. In order to change the servo motion curve to be similar to the actual motion
curve, thus improving forming performance during finite element analysis. In this study, MATLAB software was used to
construct a model of the motion behavior of a direct-drive servo press. The model was used to predict motion curves and
compare metal forming times. However, the error between the motion curve of prediction model and the true motion curve
is 13.84%. Therefore, the true motion curve was measured to construct a servo motion trend surface. Then, the servo motion
trend surface was integrated with the prediction program to optimize the prediction model. Finally, the finite element analysis
software DYNAFORM is used to explore the difference between the thinning ratio and forming force of cylindrical cups with
the optimized servo motion curve such as the stepping curve, the coining curve, and the pulsating curve. The analysis result
shows that between the optimized and actual servo motion curves, the thinning ratio and forming maximum force error are
reduced by 4% and 4.11%, respectively.

Keywords Servo stamping technology - Deep drawing forming process - Motion curve - Optimization

1 Introduction to material mechanical behaviors such as stretching, bend-

ing, and compressing [8—22]. Therefore, during the forming

Servo presses use servomotors to control the angle of rota-
tion, and they can be adjusted to make different motion
curves on any position of the top tray by using different
velocities. Servo presses provide the flexibility of hydrau-
lic presses, such as adjustable punch velocity and precise
position control. In addition, they can record the instanta-
neous pressure and velocity at any position. Servo presses
can improve the metal forming process and production effi-
ciency [1-7]. In the field of metal forming, there has been an
increasing need for deep drawing processes. Deep drawing
processes are complex forming processes and are related
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process, the servo press must be designed with the optimal
motion curve to respond to different stamping processes.
Depending on the requirements of the stamping processes,
the optimization of the motion curve has a considerable
effect on the production efficiency, production type, and
production quality of the servo press [23-29].

In the studies of the predictions and optimization of actual
motion curves from servo press, Lin and Tso [30] proposed
a hybrid-driven servo press using iterative learning control
(ILC). The sensitivity Jacobian is introduced as propor-
tional gain control for smoothing motion curve behavior and
increasing the error convergence rate. The result shows the
proposed method can effectively make punch position root-
mean-square (RMS) errors converge to less than 0.2 mm
within five iterations. The precision was also improved to
less than 50 pm, equivalent to 35-40% of the original level
without the ILC. Song et al. [25] proposed a flexible accel-
eration and deceleration control algorithm for decreasing
the required servo drive energy of the servo press. Then, the
optimization model of the drawing eccentric motion profile
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was established to maximize the production rate, taking into
account all boundary conditions, including the maximum
velocity and acceleration of the ram, the space and time limit
of the material feeder, and the torque and thermal limit of
servo motor. The result shows the proposed method obtains
the optimal motion profile and the maximum production
rate and is validated on heavy servo press. Halicioglu et al.
[31] proposed a dynamic model derived by the Lagrange
approach for a servo press. Using a servo press with a 50-ton
capacity and 200-mm travel as an example, the servo drive
and speed reducer selection method are proposed. The
dynamic model is used for simulation and actual experi-
ments; the result shows the manufacturing accuracy can
reach +0.025, which is acceptably good accuracy for a servo
press. Halicioglu et al. [29] used a soft motion for Cr-Ni steel
sheet forming based on motion simulation and dynamics for
comparing motion behavior under various motion speeds.
The result shows soft motion can improve forming speeds
and forming quality under thicker material. Chen et al. [32]
investigated effects between stamping motion curve and
extrusion-drawing process of circular cups. The stamping
motion curves are analyzed and confirmed as the best ones.
Then, the metal forming simulation software DEFORM is
used for analyzing and discussing formability, circular cup
dimension, circular cup height, circular cup thickness, extru-
sion force—displacement curve, stress distribution, and strain
distribution. The stamping die is designed and manufactured
for conducting experiments to compare actual and simula-
tion results. The result shows that conventional crank motion
causes less cup height and greater residual stress and strain
and requires higher extrusion force. In comparison, using
servo motion curves introduces a greater cup height, less
residual stress, and strain.

In recent years, the application of servo presses in deep
drawing processes has become more essential. When the
press lifts and releases the stress of the blank, the servo pulse
motion curve can be used to enable liquid lubricant to be
sucked into the mold cavity to lubricate it again. Studies
have revealed that compared with conventional curves, pul-
sating curves can improve the formability of the material.
However, the motion behavior of the curve is affected by fac-
tors such as signal delay, wear and tear, and size tolerance,
which cause the inputted curve parameters to not achieve
the expected motion behavior. Accurately predicting the true
motion curve can reduce the bias of the finite element analy-
sis result caused by the curve error and thereby increase the
accuracy and reliability of the finite element analysis. The
true motion behavior of the curve often requires actual meas-
urements, which prolong the time required for development
and analysis. Such behavior is not considered during the
finite element analysis of other researchers’ studies.

This study used MATLAB (the MathWorks, Inc., USA)
software to create mathematical models, predict the curve,
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and calculate the errors caused by the machines. The errors
and the ideal motion curve inputted into the machine were
combined to obtain the predicted motion curve and improve
the efficiency of development and analysis. The DYNA-
FORM (ETA, Inc., USA) finite element analysis software
was used to perform forming analysis and confirm whether
the predicted motion curve improved the accuracy of the
finite element analysis. DYNAFORM was also used to com-
pare the thinning ratio of the final products and verify the
accuracy of the prediction.

2 Die and materials

During the drawing of cylindrical cups, the top and side
material of the cylindrical cup had different flow, and the
flange was extruded. This resulted in the corners becoming
thin, and sometimes the materials shrunk or cracked. This
study used a cylindrical cup drawing die to perform drawing
using a servo press, and used DYNAFORM to combine the
predicted motion curve, analyze the formability, and com-
pare the predicted and actual forming. To comply with prac-
tical production requirements, this study used a cylindrical
cup part with a diameter of 41 mm and a depth of 20 mm.
The structure of the drawing die is illustrated in Fig. 1. The
upper die included the upper die base, punch back plate,
punch fix plate, punch, blank holder plate, holder back plate,
blank holder insert, and guide post. The lower die included
the lower die base, cavity plate, cavity insert, and guide
bushing. The stamping die’s machining accuracy affects the
dimension of the product, and the machining error of the
stamping die is less than +0.02 mm after measuring. First,
the blank was secured in the cavity insert. During drawing,
the blank holder and the cavity insert held the blank, then
the punch squeezed the material into the cavity. After draw-
ing, the cylindrical cup was inside the cavity insert, and it
was pushed out from the hollow bottom. The parameters of
the die are demonstrated in Table 1. The material used was
a SUS304 stainless steel plate with a thickness of 1.2 mm
and thickness tolerances of +0.01 mm; its components are

./"/ Upper dic base

Stripper bolts Punch back plate

Coil springs Punch fix plate
Punch

Holder back plate

Blank holder insert Blank holder plate

I\

Cavity insert

/ Cavity plate

P 7 / Lower die base

Fig. 1 Structure of the cylindrical cup drawing die
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Table 1 Cylindrical cup drawing die measurements

Parameters Dimensions
Punch (mm) ¢ 41 x 130
Cavity (mm) ¢43.4
Cavity radius (mm) 3

Punch radius (mm) 3

Die clearance (mm) 1.2

demonstrated in Table 2. The diameter and tolerance of the
blank are 81 mm =+ 0.01 mm and machined using WEDM.

3 Kinetic theory model of the direct-drive
servo press

3.1 Actuation principles of a direct-drive servo
press

Direct-drive servo presses use the servomotor to drive the
transmission gear, crankshaft, and linkage mechanism, and
produce the stamping action of the slider. Compared with
conventional mechanical presses, servo presses can use the
servomotor to control rotation direction during mass produc-
tion and cause the crankshaft to move like a pendulum at
the bottom. In comparison, conventional mechanical presses
must return to the top dead center before they can execute

the next stamping. Servo presses can effectively reduce
the stamping time and improve the production efficiency
of the stamping process. The distinguishing characteristic
of direct-drive servo presses is their ability to follow the
most suitable motion curve according to different products,
manufacturing modes, and user requirements. Servo presses
can improve problems commonly faced during production,
improve the flexibility of the exterior design of products, and
increase product diversity.

This study used a 200-ton direct-drive servo press (SEYI
SD2 —200, Shieh Yih Machinery Industry, Taiwan), as
shown in Fig. 2a. The maximum stroke velocity was 50
strokes/min. The stamping press’s bottom dead center accu-
racy affects the accuracy of the forming depth, and the error
of bottom dead center is+0.01 mm. A schematic of the
mechanism is illustrated in Fig. 2b. In the diagram, 0, is
the angular displacement of the driving crankshaft (rad),
0, is the angle of deflection of the follow-up link (rad), r is
the length of the crankshaft (mm), and L is the length of the
follow-up link (mm). The stroke velocity of the direct-drive
servo press was defined as SPM (strokes/minute), and the
angular velocity of the driving crankshaft (w, rad/s) was
defined as follows:

® =2z X SPM /60 (1

To obtain the real-time stroke velocity and the position
of the slider of the servo press relative to the bottom dead

Table 2 Components of the
SUS304 stainless steel plate

Fig.2 a SD2-200 servo press

Elements C Si Mn P S Cr Ni

Minimum-maximum >0.08 >1.00 >2.00 >0.045 >0.03 18.00-20.00 8.00-10.50
content (wt-%)

SUS304 (wt-%) 0.042 0.44 0.99 0.034 0.002 18.10 8.010

and b schematic of the mecha-
nism of the direct-drive servo
press

250

200

150

100

50 Slider

y-directional displacement (mm)

Time (s)
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center (6 o’clock) position during forming, the bottom
must be defined as the origin, namely the location of B,
in Fig. 2b. Therefore, the distance ﬁ is the displacement
from the slider to the bottom dead center position. Because
B_BL = O_BL — OB, the equation reads as follows:

BB, = r+ L —rcosf, — LA/ 1 — (r/L)*sin%6, @

The inputted parameters were changed from the angular
displacement of the driving crankshaft to the relationship
between the angular velocity and time to obtain the relation-
ship between the angular velocity and the displacement of
the slider of the servo press. The calculations are demon-
strated in Eq. (3), as follows:

B_BL =r+ L —rcos(wt) — L\/l - (r/L)2Sin2(60f) €

3.2 Theoretical model of the prediction motion
curve

This study used MATLAB to construct the theoretical model
of the prediction motion curve to obtain the prediction curve
of the slider of the servo press with the designated param-
eters and conditions. Motion curves that are frequently used
include the coining curve, the stepping curve, and the pul-
sating curve.

The prediction program was coded for the aforementioned
three types of motion curves.

(a) Coining curve: The forming parameters include the
stroke velocity (strokes/min), bottom dead center
coining height (mm), and bottom dead center coining
frequency (times). The forming parameters are demon-
strated in Fig. 3a.

(b) Stepping curve: The forming parameters include the
stroke velocity (strokes/min), stagnation height (mm),
and stagnation time (s). The stepping curve can have
multiple stagnations depending on the task. Therefore,
each stagnation height and stagnation time must be
input. The forming parameters are demonstrated in
Fig. 3b.

(c) Pulsating curve: The forming parameters include
the start position of the pulse (mm), lifting velocity
(strokes/min), lifting distance (mm), press-in velocity
(strokes/min), and press-in distance (mm). The forming
parameters are demonstrated in Fig. 3c.

Motor stagnation and punch position during the change
of rotation direction were calculated using the forming
parameters of the data of each curve. Next, Eq. (2) was
used to replace the punch position with the angular posi-
tion of the servomotor. Finally, the angular displacement
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of each stagnation or change of rotation direction was
calculated. The following explanation uses the pulsating
curve as an example. The forming parameters were as fol-
lows: The stroke velocity was 50 strokes/min, the initial
pulse height was 20 mm, the lift distance was 0.5 mm, and
the press-in distance was 2 mm. The calculations acquired
the punch position each time the servomotor changed its
rotation direction and obtained the corresponding angular
position of the servomotor.

Because the servomotor operated near the peak of the
curve, the servomotor changing its rotation direction results
in a deceleration effect. Taking the value of the first peak
of the pulse as an example, the constant angular accelera-
tion (angular acceleration (@) was constant) was used to cal-
culate the relationship between angular velocity and time.
The angular acceleration a was calculated using the rated
angular acceleration as the basis. The results revealed that
if the angular displacement between two points was too
small when the servomotor changed its rotation direction,
then the servomotor would prepare to decelerate and rotate
in the other direction before it accelerated, and reached
the designated stroke velocity to prevent the servomotor
from exceeding the required angular displacement during
its stroke. Therefore, a conditional program was required
to confirm whether the servomotor reached the designated
stroke velocity during its stroke. The angular displacement
S is the angular displacement required by the servomotor to
accelerate to the designated stroke velocity and then decel-
erate until a standstill. It must be calculated first before the
conditional program can be built. The known variables are
the angular acceleration o and the designated stroke velocity
. The angular displacement required for the servomotor
to accelerate to the designated angular velocity, as follows:

S=w’/a 4)

After the required angular displacement was obtained,
the previously established forming parameters were used:
the stroke velocity was 50 strokes/min, the initial pulse
height was 20 mm, the lift distance was 0.5 mm, and the
press-in distance was 2 mm. The forming parameters calcu-
lated that the angular displacement S was 0.741 rad. When
the punch position reduced from 250 to 20 mm, the angu-
lar displacement was 2.603 rad and was greater than the
angular displacement of 0.741 rad required for accelera-
tion and deceleration. Therefore, the conditional program
entered the first stage of calculations, as demonstrated in
Fig. 4. Afterward, the calculations discovered that the rela-
tionship between angular velocity and time formed a tra-
pezium, as demonstrated in Fig. 5a. In the figure, 0Oa is the
acceleration interval, ab is the constant velocity interval,
and bc is the deceleration interval. When the punch position
increased from 20 mm to 20.5 mm, the angular displacement
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Fig.3 Three types of motion
curves:(a) bottom dead center
coining curve, (b) stepping
curve, and (c) pulsating curve

Fig.4 Program used to deter-
mine the angular displacement
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if vib_thi_rad > S_alpha 2
vib_up_ns =vib_thi_rad - S_alpha_2;
vib_up_t_ 1= linspace(0,sqrt(S_alpha_2/(alpha_2)),vib_seg);
vib_up_t_mid = linspace(sqrt(S_alpha_2/(alpha_2)),vib_up_ms/v +max(sqrt(S_alpha_2/(alpha_2))),vib_seg); First stage
vib_up_t2 = linspace(vib_up_ms/v + max(sqrt(S_alpha_2/(alpha_2))),...
sqrt(S_alpha_2/(alpha_2))*2 + vib_up_ms/v,vib_seg);
vib_up_t=[vib_up_t_1(st,:),vib_up_t_mid(st. :),vib_up_t_2(st, :)];
else

vib_up_t_2 = linspace(sqrt(vib_thi_rad(st, 1)/(alpha_2)),sqrt(vib_thi_rad(st, 1)/(alpha_2))*2,vib_seg);
vib_up_t=[vib_up_t I(st, :),vib_up_t 2(st,:) ];

vib_up_t_1 = linspace(0,sqrt(vib_thi_rad(st,1)/(alpha_2)),vib_seg); 1
jsf Second stage

end

was —0.007 rad and was smaller than the angular displace-  the acceleration did not reach the designated stroke velocity.
ment of 0.741 rad required for acceleration and deceleration. ~ Consequently, the relationship between angular velocity and
Therefore, the conditional program entered the second stage  time formed a triangle, as demonstrated in Fig. 5b. Figure 5b
of calculations, as demonstrated in Fig. 4. The calculations  only includes the acceleration interval and the deceleration
revealed that the displacement was insufficient; therefore, interval; it does not include the constant velocity interval.
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Fig.5 Relationship between the
angular velocity of the servomo- 1
tor and time: (a) with a constant
velocity interval [24] and (b)
without a constant velocity
interval

Angular velocity, o (rad/s)

o. = constant o= constant
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The aforementioned calculations demonstrated that two
types of relationships were present between angular veloc-
ity and time. The first type appeared when the stroke veloc-
ity accelerated and reached the designated stroke velocity;
the relationship between angular velocity and time had a
trapezium shape, as demonstrated in Fig. 5a. The second
type appeared when the displacement was insufficient for the
stroke velocity to reach the designated stroke velocity; the
relationship between angular velocity and time had a triangle
shape, as demonstrated in Fig. 5b. The angular displacement
is the area under the angular velocity—time curve. The calcula-
tions for the two types of angular displacement are as follows:

(a) Trapezium-shaped angular velocity—time curve

S, =8, =(xw)/2=0"/2a §))

Sh =§5- (Sa + Sc) (6)

where t=w/a, S, represents the area of the acceleration
interval, S, represents the area of the constant velocity inter-
val, S, represents the area of the deceleration interval, and
S represents the total area. The trapezium-shaped angular
velocity—time curve was integrated to obtain the relationship
between the angular displacement and time, as demonstrated
in Fig. 6a. In the figure, the time interval from 0 to a is
the acceleration interval, and it has the form of a quadratic

curve that concaves upwards. The time interval from a to b is
the constant velocity interval and is a diagonal straight line.
Finally, the time interval from b to c is the deceleration inter-
val, and it has the form of a quadratic curve that concaves
downwards. During the deceleration interval, the servomo-
tor decelerates and prepares to rotate in the other direction.

(b) Triangular-shaped angular velocity—time curvewhere
t=w/a, S, represents the area of the acceleration interval
and S, represents the area of the deceleration interval.
The triangular-shaped angular velocity—time curve was
integrated to obtain the relationship between angular dis-
placement and time, as demonstrated in Fig. 6b. Figure 6a
features a clear acceleration interval, constant velocity
interval, and deceleration interval. In comparison, Fig. 6b
features an acceleration interval from O to d; however, the
angular displacement was insufficient at point d and the
angular velocity could not reach the designated angular
velocity. Therefore, the deceleration interval from d to e
began to decelerate and the servomotor began to prepare
to rotate in the other direction during this interval.

S,=8,=(tXw)/2=aw"/2 (7)

The aforementioned equations were used to obtain the
position each time the servomotor stagnated or rotated

Fig.6 Relationship between
the angular displacement of the
servomotor and time: (a) with
a constant velocity interval and
(b) without a constant velocity
interval

Angular displacement (rad)

| Angular displacement of
specify line segment

Angular displacement of
specify line segment

Angular displacement (rad)
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in the other direction. Next, the angular displacement of
each point was calculated, and the conditional program
demonstrated in Fig. 4 was used to determine whether the
displacement was sufficient to enable the servomotor to
accelerate to the designated stroke velocity. Afterward, the
angular velocity—time curve was integrated to obtain the
relationship between angular displacement and the time of
each interval. Finally, the relationship between the angu-
lar displacement and time of each interval was connected
to obtain the complete relationship between angular dis-
placement and time, as demonstrated in Fig. 7. The x-axis
represents the forming time, and the y-axis represents the
angular position of the servomotor during forming. The
relationship between the angular position of the servomotor
and time was used with Eq. (2) to replace the angular posi-
tion of the servomotor with the punch position and obtain
the relationship between the punch position and time. The
result was outputted and used to draw the prediction curve,
as demonstrated in Fig. 8. The x-axis represents the form-
ing time, and the y-axis represents the position of the top
tray of the servo press during forming.

This study established a theoretical model of the motion
behavior of servo presses and designed a program to pre-
dict the motion curve. Next, this study compared the predic-
tion curve, expected output motion curve, and true motion
curve. The comparison results are demonstrated in Fig. 9.
The results revealed that the expected output motion curve
did not consider any physical inertia. Therefore, the curve
reached the designated stroke velocity from the initial posi-
tion immediately, and no delay occurred each time the servo-
motor rotated in the other direction. Therefore, the expected
output motion curve exhibited a large time error (At)) as
compared with the true motion curve. The prediction curve
did not consider the time error caused by factors such as the
signal delay of the machine, the machining error of the servo
press, the loss of kinetic energy due to friction, or physical

2.0 Motor angular position of
’ the specified parameter

T T T

00 05 10 15 20 25
Time (s)

Angular position of the servomotor ()
G

Fig. 7 Relationship between the angular position of the servomotor
and time

2504 — Prediction curve

Stroke velocity = 50 stroke/min
Pulsating start position : Y = 20 mm
Lifting distance = 0.5 mm

Press-in distance =2 mm

200+

150

100

504

y-directional displacement (mm)

00 05 10 15 20 25 30 35
Time (s)

Fig. 8 Prediction curve of the pulsating motion of the slider

inertia. Therefore, when the prediction program calculated
the prediction curve, it was unable to estimate the time error
(At,) when the servomotor rotated in the other direction.

4 Optimization of the predicted motion
curves

The prediction program built for the direct-drive servo press
was used to output motion curves. The results revealed that
the prediction program did not consider the time error
caused by factors such as the signal delay of the machine,
the loss of kinetic energy due to friction, or physical iner-
tia. Therefore, the prediction curve and the true motion
curve exhibited a time delay. To reduce this time delay and
improve the accuracy of the prediction curve, finite element
analysis was used to determine the accuracy of the results.
The construction of the prediction curve is demonstrated in
Fig. 10. The laser measuring system recorded the motion
curves generated by executing different pulse steps under
pulsating curve forming of the servo press. The pulse inter-
vals of each motion curve were extracted and Origin Pro

250

200

150

100 < - = - True motion curve

------------ Prediction curve (before optimization)
Expected output motion curve

Stroke velocity = 50 stroke/min

Pulsating start position : Y =20 mm

Lifting distance = 0.5 mm

Press-in distance = 2 mm

50 H

y-directional displacement (mm)

T T T T T T T T T T T T T T T
-1.0 -05 00 05 1.0 15 20 25 30 35 40 45 50 55 60 65 70
Time (s)

Fig. 9 Comparison of the prediction curve and the true motion curve
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Pulse curve data measurement

y

Pulse curve data analysis

v

Establishment of pulse curve motion
trend surface

Y

Programs that combine pulse curve
trend surface and prediction curve

Analysis and
Experimental
Validation

Conclusion

Fig. 10 Construction of the prediction curve

software was used to analyze the motion trend curve of the
pulse interval. The motion trend curves with the same pulse
steps but with different velocities were combined to create
the pulse trend surface, which can predict the motion trajec-
tory using designated pulse steps and any velocity. The pulse
trend surface and the prediction program were integrated to
complete the prediction program and provide the prediction
curve. Finally, DYNAFORM was used to analyze and verify
the experimental results.

This study analyzed the motion behavior of servo
presses during pulsating curves. When servo presses per-
form pulsating curves, external factors cause the expected
motion behavior to differ from the true motion behavior.
During the design and development of new products, the
accuracy of formability evaluated by finite element analy-
sis software decreases greatly. To overcome this problem,
the motion behavior of the pulsating curve must be meas-
ured and analyzed to correct the prediction program and
enable the program to accurately predict the true motion
behavior, thereby improving the accuracy of the evalua-
tion of formability. The setting of the true motion curve
of the servo press was as follows:

(1) Pulsating motion mode

(2) Stroke velocity 50 strokes/min
(3) Pulse start position 20 mm

(4) Lift distance 0.5 mm

(5) Press-in distance 2 mm

@ Springer
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Laser displacement sensors
(LK-G505A, Keyence, Japan)

Fig. 11 Installation location of the laser displacement sensor

The laser measuring system was used to measure the motion
of the top tray of the servo press. The installation of the laser
displacement sensor (LK-G505A, Keyence, Japan) is illustrated
in Fig. 11. During data collection, the true outputted signal was
collected first. Next, Keyence LK-Navigator software was used
to process the data. The measurement parameters were set as
follows: Because the surface measured by the laser displace-
ment sensor was neither transparent nor a mirror surface, the
measurement mode was set to standard. The filter mode of
the measured data output was the moving-average mode, and
the frequency of the filter was one sample for every 64 sets of
data. The sampling frequency of the measured data was 1000
points/s. After the true motion curve was measured, the point
data were input into Origin Pro for postprocessing to enable
subsequent construction of the pulse trend surface based on
feature data.

This study used the true motion curve measured by the
laser measuring system. The point data were inputted into
Origin Pro. To identify the motion behavior of the pulsat-
ing curve and estimate the time error, feature points were
marked on the point data of the true motion curve. The
feature points were the position where the pulse of the
true motion curve started and finished, as demonstrated in
Fig. 12a. Feature point 1 and feature point 2 were positions
where the servomotor rotated in the other direction. There-
fore, the tangential velocity of these two feature points was
0 mm/s. After the feature points of the true motion curve
were marked, feature point 1 was defined as the position
where the pulse started and feature point 2 was defined as
the position where the pulse finished, so as to indepen-
dently analyze the pulse behavior of the true motion curve.
The pulse interval of the true motion curve was collected,
and the results demonstrated that the pulse motion of the
top tray of the servo press did not pulse in a diagonal line.
Rather, the time required for each pulse became longer as
the frequency of pulses increased, causing the pulse inter-
val of the true motion curve to concave slightly upwards.
To identify the motion trend curve of the pulse interval
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Fig. 12 a Feature points of the true motion curve and (b) fitting curve
of the pulse interval of the true motion curve

of the true motion curve, Origin Pro was used for curve
fitting. The computational logic used the asymptotic line
of exponential functions and the iteration algorithm used
the Levenberg—Marquardt method for iterative calcula-
tions. The results of the curve fitting are demonstrated in
Fig. 12b. The motion trend of the pulse interval of the true
motion curve is demonstrated as follows:

y = —21.02103 + 54.61206 x 0.66745* (15)

Adj. R-Square =0.99208. In the equation, y represents
the displacement along the y-axis, and x represents the
forming time of the servo press.

To construct the pulse trend surface of the servo press
using different pulse steps, different pulse steps were used
and the pulsating curves of the servo press functioning
under different pulse steps and velocities were collected.
The pulse steps used were 1 mm, 3 mm, and 5 mm; the
stroke velocities used were multiples of 5 from 5 strokes/
min to 50 strokes/min. Afterward, the aforementioned
procedures were used to analyze the feature data of the
pulsating curve and obtain the pulse trend of the top tray

of the servo press under different pulse steps and stroke
velocities. Data were organized according to different
pulse steps to obtain the pulse trend surfaces with pulse
steps of 1 mm, 3 mm, and 5 mm under different stroke
velocities. The pulse trend surfaces with a pulse step of
1 mm, 3 mm, and 5 mm are demonstrated in Fig. 13a,
Fig. 13b, and Fig. 13c, respectively. The time represents
the time required for forming and the stroke velocity rep-
resents the stroke velocity designated for the servo press.
The effects of stroke velocity and displacement to time
are shown through contour lines and color changes on the
pulse trend surface.

For the pulse trend surface with a pulse step of 1 mm, the
forming time was the longest when the stroke velocity was
5 strokes/min. If the stroke velocity reached 10 strokes/min,
then the forming time required reduced. However, when the
stroke velocity increased from 10 to 15 strokes/min, the time
reduction was not as evident as the time reduction when
the stroke velocity increased from 5 to 10 strokes/min. In
fact, the time only decreased marginally. The forming time
did not decrease when the stroke velocity increased from
15 strokes/min to 20 strokes/min. The pulse motion trend
was highly similar to that of forming time. When the pulse
step was 1 mm, the stroke velocity was 15 strokes/min, the
maximum stroke velocity. However, if the stroke velocity
was increased, factors such as the capability of the servo
press and physical inertia limited the motion behavior and
the motion behavior could not achieve the expected results.
The results of the 3 mm and 5 mm pulse steps were the same
as those of the pulse step of 1 mm.

This study performed data analysis using the measured
true motion curve and used feature points to extract data.
Next, this study used trend analysis to obtain the trend of the
pulsating curves when the top tray of the servo press worked
under the designated parameters. The pulse trend surface
was constructed to predict the motion behavior using dif-
ferent pulse steps and velocities. In addition, to improve the
accuracy of the prediction of the program, the pulse trend
surface was used in the prediction program. The operation
flow of the program was as follows:

(a) Input the designated parameters of the curve.

(b) Determine the pulse step of the curve.

(c) Extract the curve data of the pulse trend surface.

(d) Calculate and correct the time required to achieve the
designated parameters.

(e) Complete the integration of the pulse trend surface and
the prediction program.

First, the parameters required by the pulsating curve
were inputted into the program. The parameters inputted
were as follows: the stroke velocity was 20 strokes/min,
the initial pulse height was 15 mm, the lift distance was
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Fig. 13 Changes of the pulse trend surface with different pulse steps: (a)
1 mm, (b) 3 mm, and (¢) 5 mm

1 mm, and the press-in distance was 4 mm. The parameters
of the pulsating curve have multiple combinations when
users predict the pulsating curve. Therefore, the pulse step
of the parameters must be calculated first so that the pro-
gram can select the appropriate pulse trend surface and

@ Springer

predict the motion curve. The pulse step is calculated as
follows:

press — in distance — lift distance = pulse step

Therefore, if the pulse step is 4 mm — 1 mm = 3 mm,

then the pulse trend surface with a pulse step of 3 mm is
selected to optimize the predicted motion curve using the
aforementioned parameters, as demonstrated in Fig. 13b.
After the pulse step is calculated, the curve data of the pulse
trend surface is extracted to optimize the prediction program
and reduce the time error between the prediction curve and
the true motion curve. Because the parameter of the stroke
velocity was 20 strokes/min, the pulse trend surface with a
pulse step of 3 mm had to be analyzed independently and the
pulsating curve with a stroke velocity of 20 strokes/min was
extracted from the pulse trend surface for analysis.

After the parameters of the pulsating curve were set, the
lift distance and press-in distance were used to calculate
the size of the pulse step of the pulsating curve. The pulse
step was used to select the pulse trend surface appropriate
for the pulsating curve parameters, and the stroke velocity
was used to extract the required pulse trend curve. After-
ward, the required forming time was calculated using the
designated parameters to optimize the prediction program.
The process of calculating the required forming time was as
follows: First, the parameters of the pulsating curve signified
that the position where the pulsating curve performed the
pulse motion was Y= 15 mm. Therefore, the pulse motion
occurred at 15 mm up from the bottom dead center posi-
tion of the servo press. The total displacement of the pulse
motion was 15 mm. After the total displacement of the pulse
motion was obtained, the previously extracted pulse trend
curve was used to mark the position of — 15 mm along the
y-axis. The marked position indicated that after the pulse
motion, the bottom dead center position moved 15 mm.
After the new position was marked, the time required to
move between the two positions was calculated to obtain
the forming time #, as demonstrated in Fig. 14. The y-axis
represented the displacement of the top tray of the servo
press after the pulse motion, and the x-axis represented the
time required for the pulse motion.

The pulse step was calculated to select the pulse trend
surface suitable for the forming parameters. Next, the stroke
velocity was used to extract the pulse trend curve required
for the optimization of the prediction program from the pre-
viously selected pulse trend surface. Finally, the start posi-
tion of the pulse was used to calculate the time required
to initiate and complete the pulse motion. The calculations
were used to optimize the prediction program. The optimi-
zation adjusted the time. Therefore, the multiplying power
of the time adjustment needed to be calculated first. The
calculation process was as follows: adjust the magnification
equal to t/t,, where ¢ represents the forming time before
the prediction program was optimized, and #, represents the
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Fig. 14 Time required for the pulse motion under the designated
parameters

forming time of the previous stage. The adjustment magni-
fication was input into the prediction program. The program
architecture is demonstrated in Fig. 15. During the optimiza-
tion of the prediction program, the adjustment of the forming
time of the pulsating curve was divided into three stages.
The first stage split the points of the curve and calculated
the time required to travel from one point to the next point.
Next, the time differences between each point were placed
in a set. The variable vib seg represents the thinning ratio of
the curve and was set at 1000; it also represents the number
of point data every time the servomotor rotated in the other
direction. The second stage used the time difference between
each point and used the adjustment multiplying power to
adjust the time difference to obtain the optimized time dif-
ference. In the third stage, the time differences were adjusted
to reduce the time error. Finally, the divided point data were
serially connected to complete the optimization of the pre-
diction program and further reduce the time error.

After the prediction program was optimized, its results
were compared to confirm its optimization, as demon-
strated in Fig. 16. The x-axis in Fig. 16 represents the time
required for the servo press to perform one pulse motion,
and the y-axis represents the displacement of the top tray of
the servo press during each pulse motion. The results dem-
onstrate that the prediction curve before optimization was

vib_t delta=[];

for i=1:vib_seg-1 7
vib_t_delta(i) = vib_t(st,i+1) — vib_t(st,i);

end J

r First stage

vib_t delta=vib t delta*vibration rate; r Second stage

vib_t(st,1) = 0; 7
fori=1:vib_seg-1

vib_t(st,i+1) = vib_t(st,i)+vib_t_delta(i);
end

r Third stage

Fig. 15 Program of the adjustment multiplying power
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Fig. 16 Comparison of the prediction curves

different from the true motion curve; however, the prediction
curve after optimization was similar to the true motion curve
and the optimization was effective. Regression analysis was
performed to confirm the optimization. The R-square before
optimization was 0.8412 and the R-square after optimization
was 0.9051. The R-square increased by 0.0639 and demon-
strated the optimization of the prediction program.

Finally, the error of the curves before and after optimiza-
tion was compared. The designated parameters were used
and the stroke velocity was adjusted to measure the displace-
ment and time difference of the slider of the servo press. The
parameters of each curve were as follows:

(a) Pulsating curve with a pulse step of 1 mm:

The stroke velocity was 5-50 strokes/min, the start posi-
tion of the pulse was 15 mm, the lift distance was 1 mm, and
the press-in distance was 2 mm.

(b) Pulsating curve with a pulse step of 3 mm:

The stroke velocity was 5-50 strokes/min, the start posi-
tion of the pulse was 15 mm, the lift distance was 1 mm, and
the press-in distance was 4 mm.

(iii) Pulsating curve with a pulse step of 5 mm:

The stroke velocity was 5-50 strokes/min, the starting
position of the pulse was 15 mm, the lift distance was 1 mm,
and the press-in distance was 6 mm.

(iv) Coining curve:

The stroke velocity was 5-50 strokes/min, the bottom
dead center coining height was 5 mm, and the bottom dead
center coining frequency was 4 times.

(e) Stepping curve:
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The stroke velocity was 5-50 strokes/min, the inching
position was 10 mm, the inching distance was 3 mm, and
the stagnation time was 0.1 s.

The measurement methods were as follows: The true
motion curve was used as the standard and each 0.1 mm was
anode. The time errors between the prediction curve and the
true motion curve at each node were calculated, as demon-
strated in Fig. 17. Afterward, the absolute values of the time
errors were used to avoid positive and negative values cance-
ling each other out and affecting the result. Next, the root
mean square error of each motion curve at different times
was calculated and the percentage error was recorded. The
percentage error was calculated by dividing the root mean
square error by the total time required for the whole motion.
The errors between the prediction curves and the true motion
curve are demonstrated in Table 3. The results demonstrated
that when the servo press performed the motion behavior
of the pulsating curve, the motion behavior became more
unstable as the pulse step increased and the stroke velocity

— Prediction curve
True motion curve

Time errors

y-directional displacement (mm)

Time (s)

Fig. 17 Schematic of the measurement of the position error

became faster. Consequently, the prediction of the motion
behavior became more difficult, and the error of pulsating
curves with higher pulse steps was higher compared with
the pulsating curve with a pulse step of 1 mm. The largest
root mean square error percentage was the pulsating curve
with a pulse step of 5 mm (3.16%), followed by the pulsating
curve with a pulse step of 3 mm (2.77%) and the pulsating
curve with a pulse step of 1 mm (0.81%). The prediction and
actual result of the bottom dead center coining curve and
the stepping curve are demonstrated in Table 4. The posi-
tion errors of the stepping curve at different stroke velocities
were closer because the servomotor only accelerated and
decelerated when the stepping curve was performed, and the
servo motor did not change its rotation direction. Therefore,
compared to the coining curve, the position error of the step-
ping curve was smaller. The overall percentage error of the
coining curve (2.37%) was smaller than that of the stepping
curve (2.67%).The curves were used to calculate the motion
trend of the curves and correct the time error of the predic-
tion program. Finally, a prediction curve extremely similar
to the true motion curve was produced.

5 Analysis and experimental verification

This study used DYNAFORM software to simulate the servo
pulse forming and used the results to compare the form-
ing difference between the predicted and expected output
motion curves. The maximum and minimum element size of
the punch, blank holder, and cavity was 2 mm and 0.4 mm,
and the element size of the blank was 0.1 0.1 mm? The
punch motion curve was arranged and analyzed using the
prediction curve and the expected output motion curve. This
study only recorded the drawing process from the moment
the punch contacted the material until the punch reached

Table 3 Error between the

. . pulse step (mm) 1
predicted and true pulsating

3 5

curves using the SEYI SD2 Stroke velocity mean error per- mean square  error per- mean square  error per-
200-ton servo press (stroke/min) square error centage error centage error centage
(s) (%) (s) (%) (s) (%)

5 0.281 0.64 0.327 1.36 0.190 0.95

10 0.358 0.81 0.269 1.12 0.389 1.95

15 0.277 0.63 0.664 2.77 0.378 1.89

20 0.217 0.49 0.398 1.66 0.436 2.18

25 0.239 0.54 0.435 1.81 0.552 2.76

30 0.235 0.53 0.484 2.02 0.604 3.02

35 0.228 0.52 0.514 2.14 0.624 3.12

40 0.231 0.53 0.461 1.92 0.621 3.11

45 0.233 0.53 0.455 1.89 0.622 3.11

50 0.294 0.69 0.510 2.13 0.633 3.16
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Table 4 Error between the predicted and true coining curve and step-
ping curve using the SEYI SD2 200-ton servo press

Curve type Coining Stepping

Stroke velocity ~ mean square error €ITOr per- mean error per-

(stroke/min) (s) centage square error centage
(%) (s) (%)
5 0.128 0.19 0.082 0.51
10 0.441 0.69 0.426 2.67
15 1.020 1.54 0.351 2.19
20 1.190 1.80 0.284 1.78
25 0.793 1.20 0.240 1.50
30 0.586 0.89 0.218 1.36
35 1.031 1.56 0.240 1.50
40 0.974 1.48 0.231 1.45
45 1.271 1.92 0.231 1.45
50 1.563 2.37 0.220 1.38

the bottom dead center position to reduce the time required
for DYNAFORM to perform analysis. The analyzed motion
curves are demonstrated in Fig. 18. The analysis models
were the punch, blank holder, blank, and cavity, as dem-
onstrated in Fig. 19. The coefficient of friction between the
SUS304 plate material and the mold cavity was 0.2. Dur-
ing the simulation, isotropic plastic was used to define the
deformation of the plate material. The tensile test was used
to obtain the engineering stress—strain curve. The tensile test
piece conformed to the ASTM ES8 standard. The research
obtains the load-elongation curve using a universal tensile
test machine. The tensile test consists of two stages: In the
1st stage, the test uses a stress control rate of 5 MPa/s before
reaching yield stress. In the 2nd stage, the test uses a strain
control rate of 15%/min after reaching yield stress to obtain
a stress—strain curve for converting into a true stress—strain
curve for finite element analysis. Only a load-elongation
curve is obtained by conducting a standard tensile stress
test. However, some parameters can be obtained by execut-
ing some calculations, such as Young’s modulus, yield
strength, ultimate tensile strength, and elongations. In order
to conduct finite element analysis, the true stress—strain
curve is needed. Its true stress—strain curve is demonstrated
in Fig. 20. The material parameters used in the analysis soft-
ware are demonstrated in Table 5.

This study used the experimental and analytical results to
compare the thinning ratio and forming force:

(a) Verification of the thinning ratio

The final product used wire electrical discharge machin-
ing and an image size measuring instrument to measure
the thinning ratio from the center of the final product to
the flange. The thinning ratio was measured at every 3 mm

from the center and compared with the analytical value. To
obtain more precise measurements and identify the posi-
tion with the maximum thinning ratio, the servo stepping
curve and the bottom dead center coining curve measured
the thinning ratio at every 0.5 mm between the interval of
15-33 mm. The pulsating curves measured the thinning ratio
at every 0.5 mm between the interval of 15-36 mm. The
measured positions of the stepping curve and coining are
presented on Fig. 21a. The measured positions of the pulsat-
ing curves with a pulse step of 1, 3, and 5 mm are presented
on Fig. 21b.

The analytical results of the servo stepping curve are
illustrated in Fig. 22a. The figure reveals that the trends of
the experiment and analyzed thinning ratios were consist-
ent. The maximum thinning ratio of the experiment was
17.28%, and the maximum thinning ratio of the analytical
results of the expected output motion curve was 25.17%.
The error of the analytical results of the expected output
motion curve was 7.88%. The maximum thinning ratio of the
analytical results of the prediction curve was 23.75%. The
maximum error of the analytical results of the prediction
curve was 6.47%, a decrease of 1.41%. The analytical results
of the bottom dead center coining curve are demonstrated
in Fig. 22b. The figure demonstrates that the trends of the
experiment and analyzed thinning ratios were consistent.
The maximum thinning ratio of the experiment was 19.17%,
and the maximum thinning ratio of the analytical results of
the expected output motion curve was 25.67%. The error of
the analytical results of the expected output motion curve
was 6.50%. The maximum thinning ratio of the analytical
results of the prediction curve was 23.67%. The maximum
error of the analytical results of the prediction curve was
4.50%, a decrease of 2.00%.

The analytical results of the pulsating curve with a
pulse step of 1 mm are demonstrated in Fig. 22c. The fig-
ure reveals that the trend of the experiment and analyzed
thinning ratio were consistent. The maximum thinning ratio
of the experiment was 31.06%, and the maximum thinning
ratio of the analytical results of the expected output motion
curve was 37.25%. The error of the analytical results of the
expected output motion curve was 6.19%. The maximum
thinning ratio of the analytical results of the prediction curve
was 33.25%. The maximum error of the analytical results of
the prediction curve was 2.19%, a decrease of 4.00%. The
analytical results of the pulsating curve with a pulse step of
3 mm are demonstrated in Fig. 22d. The figure demonstrated
that the trend of the experiment and the analyzed thinning
ratio were consistent. The maximum thinning ratio of the
experiment was 29.34%, whereas the maximum thinning
ratio of the analytical results of the expected output motion
curve was 38.25%. The error of the analytical results of the
expected output motion curve was 8.91%. The maximum
thinning ratio of the analytical results of the prediction curve
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Fig. 18 Different motion
curves: (a) stepping curve, (b)
bottom dead center coining
curve, (c¢) pulsating curve with a
pulse step of 1 mm, (d) pulsat-
ing curve with a pulse step of

3 mm, and (e) pulsating curve
with a pulse step of 5 mm
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Table 5 Material parameters of SUS304

Material property Value
Blank thickness (mm) 1.2
Density (kg/mm?®) 7.83x10°
Young’s modulus (GPa) 207
Poisson’s ratio 0.28
Yield strength (MPa) 239
Hardening index 0.193
Average plastic strain ratio 0.855

333639849

Unit : mm

36 39 42 45

+H

Unit : mm

(b)

Fig.21 a The measured positions of the stepping curve and coining
curve and (b) the measured positions of the pulsating curves with a
pulse step of 1, 3, and 5 mm

was 35.33%. The maximum error of the analytical results
of the prediction curve was 5.99%, and the error decreased
by 2.92%. The analytical results of the pulsating curve with
a pulse step of 5 mm are illustrated in Fig. 22e. The figure
reveals that the trends of the experiment and analyzed thin-
ning ratios were consistent. The maximum thinning ratio of
the experiment was 32.68%, whereas the maximum thinning
ratio of the analytical results of the expected output motion
curve was 39.00%. The error of the analytical results of the
expected output motion curve was 6.32%. The maximum
thinning ratio of the analytical results of the prediction curve
was 36.92%. The maximum error of the analytical results of
the prediction curve was 4.24%, a decrease of 2.08%. The
thinning ratio analysis above shows that errors between the

analysis results of the predicted servo motion curve and the
actual experiment are only 2 ~6%. Compared to the 6 ~9%
error, the analysis result’s accuracy improves. (However,
the introduction of 2 ~6% error may be caused by stainless
steel's high sensitivity behavior to strain rate and the coef-
ficient of friction.)

(b) Verification of the forming force

The sensor equipment within the machine was used to
obtain the forming force of the experiment, and the form-
ing force of the experiment was compared with the analyti-
cal results of the prediction curve and the expected output
motion curve. The results of the servo stepping curve are
demonstrated in Fig. 23a. The maximum forming forces of
the experiment, the expected output motion curve, and the
prediction curve were 110,000 N, 118,191 N, and 113,672
N, respectively. The error of the analytical results of the
expected output motion curve was 7.45%, and the error of
the analytical results of the prediction curve was 3.34%, a
decrease of 4.11%. The results of the bottom dead center
coining curve are demonstrated in Fig. 23b. The maximum
forming forces of the experiment, the expected output
motion curve, and the prediction curve were 110,000 N,
117,080 N, and 114,913 N, respectively. The error of the
analytical results of the expected output motion curve was
6.44%, and the error of the analytical results of the predic-
tion curve was 4.90%, a decrease of 1.53%.

The results of the pulsating curve with a pulse step of
1 mm are illustrated in Fig. 23c. The maximum forming
forces of the experiment, the expected output motion curve,
and the prediction curve were 140,000 N, 144,960 N, and
139,450 N, respectively. The error of the analytical results of
the expected output motion curve was 3.54%, and the error
of the analytical results of the prediction curve was 0.09%,
a decrease of 3.45%. The results of the pulsating curve with
a pulse step of 3 mm are demonstrated in Fig. 23d. The
maximum forming forces of the experiment, the expected
output motion curve, and the prediction curve were 140,000
N, 146,699 N, and 143,974 N, respectively. The error of the
analytical results of the expected output motion curve was
4.79%, and the error of the analytical results of the predic-
tion curve was 2.84%, a decrease of 1.95%.

The results of the pulsating curve with a pulse step
of 5 mm are illustrated in Fig. 23e. The maximum form-
ing forces of the experiment, the expected output motion
curve, and the prediction curve were 140,000 N, 146,424
N, and 143,635 N, respectively. The error of the analytical
results of the expected output motion curve was 4.59%,
and the error of the analytical results of the prediction
curve was 2.6%, a decrease of 1.99%. Unlike the analyti-
cal values, the forming force of the experiment did not
fluctuate greatly. This phenomenon was caused by the low
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Fig.23 Comparison between the analytical values and experimental values of the forming force: (a) stepping curve, (b) coining curve, (c) pul-
sating curve with a pulse step of 1 mm, (d) pulsating curve with a pulse step of 3 mm, and (e) pulsating curve with a pulse step of 5 mm

resolution of the sensor equipment of the machine and the
low extraction velocity. According to the forming force
result above, the analysis result using the predicted servo
motion curve is close to the experimental results. Also,
the position of forming force’s peaks and valleys match
with experimental results. Therefore, the results can be
applied to product quality and deformation by structural
deformation behavior when the stamping press and die
are under load.

@ Springer

6 Conclusions

This study investigated and predicted the pulse motion
curves of servo presses. The investigation was divided into
two stages. The first stage analyzed the motion behavior
of a direct-drive servo press and used MATLAB software
to construct a theoretical model of the motion behavior of
the direct-drive servo press to predict the motion curve.
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The second stage aimed to reduce the time error of the
prediction program of the motion curve. This study con-
structed a pulse trend surface database to optimize the pre-
diction program. The experimental results demonstrated
the following:

(1) A large time error existed between the expected output
motion curve and the true motion curve; the percent-
age error was 61.85%. This large time error occurred
because the calculation of the expected output motion
curve considered only the motion when the designated
parameters were used and physical characteristics were
ignored. Therefore, the assigned stroke velocity was
used for both the initiation of the motion behavior and
the change of the rotation direction of the servomotor.

(2) The percentage error of the prediction curve before
optimization was 13.84%. The error was 48.01% lower
than that of the expected output motion curve. The
error occurred because the prediction program con-
sidered only the linkage mechanism and acceleration
and deceleration motion of the servo press during its
calculations and ignored other factors such as the physi-
cal inertia of the machine, signal delay, and the loss of
kinetic energy due to friction. Consequently, the sec-
ond stage of this study established the database of the
pulsating curve to optimize the prediction program and
reduce the time error of the prediction.

(3) The analytical results of the servo inching curve dem-
onstrated that using the prediction curve instead of the
expected output motion curve reduced the thinning
ratio error from 7.88% to 6.47%, a decrease of 1.41%.
In addition, using the prediction curve instead of the
expected output motion curve reduced the forming
force error from 7.45 to 3.34%, a decrease of 4.11%.
The analytical results of the bottom dead center coin-
ing curve demonstrated that using the prediction curve
instead of the expected output motion curve reduced
the thinning ratio error from 6.50 to 4.50%, a decrease
of 2.00%. In addition, using the prediction curve
instead of the expected output motion curve reduced
the forming force error from 6.44 to 4.90%, a decrease
of 1.53%.

(4) The analytical results of the pulsating curve with a
pulse step of 1 mm demonstrated that using the predic-
tion curve instead of the expected output motion curve
reduced the thinning ratio error from 6.19% to 2.19%,
a decrease of 4.00%. In addition, using the prediction
curve instead of the expected output motion curve
reduced the forming force error from 3.54% to 0.09%,
a decrease of 3.45%. The analytical results of the pul-
sating curve with a pulse step of 3 mm demonstrated
that using the prediction curve instead of the expected
output motion curve reduced the thinning ratio error

from 8.91% to 5.99%, a decrease of 2.92%. In addi-
tion, using the prediction curve instead of the expected
output motion curve reduced the forming force error
from 4.79 to 2.84%, a decrease of 1.95%. The analytical
results of the pulsating curve with a pulse step of 5 mm
demonstrated that using the prediction curve instead of
the expected output motion curve reduced the thinning
ratio error from 6.32% to 4.24%, a decrease of 2.08%.
In addition, using the prediction curve instead of the
expected output motion curve reduced the forming
force error from 4.59 to 2.60%, a decrease of 1.99%.
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