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Abstract. Servo press is a forming equipment that uses a servo motor to drive a crank slider for
stamping and deep drawing process. The servo drive can adjust the motor speed in real time and
dynamically, which provides an important support for the dynamic adjustment of the crank slider
movement. To realize the smooth reciprocating movement of the large-mass and high-inertia
slider, it is necessary to develop a motor speed adjustment algorithm to achieve a good match
between the movement load of the slider and the torque that the motor can bear, to ensure the
operation safety of the whole machine. S-curve algorithms are often used for the planning of slider
movement curves, which is easy to produce flexible impact on the motor. Therefore, to improve
this situation, an improved S-curve algorithm is proposed based on the above common methods,
which realizes the motion control method of smooth speed change. In this paper, a movement
planning algorithm for servo press slider with improved S-curve is proposed based on the 7-phase
S-curve acceleration algorithm. Firstly, the kinematic calculation of the crank slider mechanism is
carried out. Secondly, 4 control points are set up to divide the slider movement curve of the typical
drawing process, including the idle feed stage, deep drawing stage, idle return stage, and
loading/unloading stage. Furthermore, the uniform acceleration stage and the uniform deceleration
stage are removed, and the acceleration cusp was smoothed, and the improved S-curve algorithm
was obtained. Finally, the large-scale crank slider servo press and its deep drawing parameters in
a literature are taken as an example to solve the slider movement curves by using the improved S-
curve. The results show that the improved S-curve algorithm can be used for servo press slide
motion profile planning, which can realize efficient deep drawing process mode.

Introduction

With the rapid development of the manufacturing industry, the traditional mechanical press
working mode is fixed, the motion characteristics cannot be adjusted, poor process adaptability
and other defects, cannot meet the forming requirements of different materials and different
stamping processes; on the other hand, with the development of servo control technology, servo
motors are widely used. Compared with the traditional mechanical press, servo press has the
advantages of flexibility, intelligence, high precision, low noise and high productivity [1-3]. By
controlling the rotational speed of the servo motor, the motion characteristics of the slider can be
effectively controlled, so that it can meet the requirements of different materials and different
forming processes. The focus of the trajectory planning of the main drive mechanism of the servo
press is the acceleration control of the main drive servo motor.

The current acceleration control algorithms mainly include S-curve acceleration [4-6],
polynomial acceleration [7], trigonometric function acceleration [8], NURBS curve [9], Bezier
curve [10,11], B-spline curve [12,13]. Among them, S-curve acceleration has abrupt changes in
acceleration, and trigonometric and polynomial acceleration satisfy the requirements of
acceleration and acceleration continuity, avoiding the flexural impact of machining [14]. Q. Hao
[4] used S-curve to optimize the maximum acceleration of the trajectory. The maximum driving
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force and the requirements of the motor were reduced. Z. Liu [5] used a 5-phase S-curve to
optimize the amplitude of acceleration to suppress the torsional vibration of a synchronous belt-
driven printing press system. X. Zhang [6] designed the traditional S-curve acceleration control
model of the acceleration law change rule as a triangular shape, to solve the algorithm itself exists
in the acceleration of the step of the problem. Q. Song [15] used the superposition of trigonometric
functions of 2 different periods for acceleration model construction, thus reducing the requirement
of motor power, but the algorithm fixed the time share of the variable speed interval.

In this paper starts from the common control algorithm of slider motion curve planning and
proposes a servo press slider motion planning algorithm with improved S-curve. (1) Firstly, the
kinematics calculation of crank slider mechanism is carried out to get the displacement, speed,
acceleration over time curves and their relation equations; (2) Then, 4 control points are set to
divide the typical deep drawing process curve into the idle feed stage, deep drawing stage, idle
return stage, and loading/unloading stage, and the trend is illustrated; (3) Uniform acceleration
stage and uniform deceleration stage in the S-curve algorithm are removed, and the acceleration
cusps are smoothed, and an improved S-curve algorithm is obtained further to get the acceleration.
The acceleration cusp is smoothed to obtain the improved S-curve algorithm, and the expressions
of'acceleration, speed and displacement over time are further obtained; (4) the parameters of crank-
slider servo press in the reference paper are taken as an example, and the improved S-curve
algorithm is used to plan and solve the slider motion curve.

Analysis of typical servo drawing process

Kinematic analysis of crank slider servo press. Taking the crank-slider press transmission system
as an example, the kinematic analysis of the slider, its transmission mechanism and sketch are
shown in Fig. 1(a) and 1(b), respectively, in which the eccentric crankshaft is the active part, and

the connecting rod and the slider are the follower parts.
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Fig. 1. Crank press drive system.

From Fig. 1(b), the relationship between the slider position, speed and acceleration and the
crank angle can be established as follows:

N =R[(l—cos@c)+4%(l—0052c96)}

(1)
V= £ = @R(sin 6, +£sin296)
dt 21 (2)
2
o= _d f =-w’R(cos b, + R cos 20,)
dt dt I (3)
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Where, S is the stroke of the slider, mm; 6. is the angle of the crank, °; R is the radius of the
crank, mm; / is the length of the connecting rod, mm; v is the speed of the slider, mm/s; w is the
angular speed of the crank, rad/s; a is the acceleration of the slider, mm/s?. When 6.=0° (top dead
centre, TDC)and 6.=180° (bottom dead centre, BDC), there is a maximum acceleration @max=-
w?R(1+R/]). Further kinematic analysis using ADAMS vyields the relationship between crank angle

and slider displacement, speed and acceleration versus crank angle[16-17], as shown in Fig. 2.
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Fig. 2. Relation between slider displacement, speed, acceleration and crank angle.

Crank slider press, due to its structural parameters to determine, when the crank input constant

speed, the slider movement parameters are also determined, when the slider is at the dead center,
the acceleration will be a sudden change, easy to impact on the motor, affecting the stability of its
normal function. Servo press can realize the dynamic adjustment of the output speed, to a certain
extent, can avoid the slider in the dead position at the sudden change, so the crank slider servo
press servo motor acceleration control, to realize the smooth transition of the slider speed,
acceleration.
Analysis of servo drawing process curve. Taking a servo drawing process curve as an example, 4
control points are set up to divide the slider movement curve of the typical drawing process,
including the idle feed stage I, deep drawing stage 11, idle return stage III, and loading/unloading
stage IV, as shown in Fig. 3. Where the slider runs to the idle feed stage I, the slider first accelerated
and then decelerated, there is a maximum speed; when the slider runs to the deep drawing stage II,
the slider is a uniform speed; when the slider runs to the idle return stage III, the slider has a sharp
return characteristics, the speed is gradually reduced; when the slider runs to the loading/unloading
stage IV, the slider runs to the top dead centre near the lower speed, for the loading and unloading
to set aside a longer period of time for the manipulator to carry out loading and unloading
operation.
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One Deep drawing Cycle
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Fig.. 3. Typical deep drawing process for servo presses.

Key point 1: Slider closing angle 61, according to the transmission system can determine the
slider position S1, 61 is the corresponding crank angle when the robot transfers the blank to the
forming and then safely leaves the press; Si is the corresponding slider safety height; N is the
corresponding crank instantaneous speed; vi is the corresponding slider instantaneous speed. Key
point 2: the stamping start angle 6> and stamping start rotational speed N>, according to the
transmission system, the height of the slide S2 and speed v2 can be calculated, where 6 is the crank
angle when the press starts stamping; N> is the corresponding crank rotational speed; S> is the
initial height of the part when the press starts stamping; v» is the speed of the slide when the part
starts
stamping. Key point 3: the stamping end angle 65 and stamping end rotational speed N3, according
to the transmission system can be calculated slider height S3 and speed v3, where 65 is the crank
angle at the end of the die pulling; N is the corresponding crank rotational speed at the end of the
die pulling; S5 is the height of the die pulling/slider contacting the height of the part; vs is the speed
of slider at the end of the die pulling. Where N>=N;. Key point 4: the slider opening angle 64,
according to the transmission system can be calculated slider height Ss and speed v4, where 64 is
the corresponding crank angle when the manipulator leaves the press after picking up the
workpiece; S is the height of the corresponding slider; N4 is the instantaneous rotational speed of
the corresponding crank; and v4 is the instantaneous speed of the corresponding slider.

The Ty is the safety time required for the press manipulator to remove the workpiece and place
the blank, the time required for the crank to run from 64 to 61, during which the manipulator is
required to complete the removal of the workpiece, the transfer of the blank, and leave the press
safely.

Principle of improved S-curve acceleration algorithm

Principle of 7- phase S-curve acceleration algorithm. S-curve acceleration algorithm is a
commonly used algorithm for controlling the object under test to realize smooth acceleration,
uniform speed and deceleration process, to ensure the smoothness and stability of the mechanical
system when the motor starts, stops, and moves at a constant speed. S-curve acceleration consists
of 7 segments, acceleration, uniform acceleration, deceleration, uniform speed, acceleration,
uniform deceleration, and deceleration segments, shown in Fig. 4.
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Fig. 4. S-curve acceleration principle.

Define the following variables:

T, =t,—t,,(k=1,23,4,5,6)
t,=t—t,_, (k=1,2,3,4,5,6)
L=L=T1=T:T,=1,=1I

Jy-l' = amax

(4)
)
(6)
(7

Combining Fig. 4 and Eq. 4 to Eq. 7, the equations for acceleration, speed and time in the S-
curve acceleration algorithm can be clarified as Eq. 8 to Eq. 9.

J.t, 0<t<y
J I, L <t<t,
J T -J.1, L, <t<t
a(t)=-0, t, <t<t,
—J 75, t, <t<t,
J- T, t,<t<t
-J I +J .7, ty <t<t,
2
v +=J 17,

1
Vs +EJCT12 +Jc1T,,
1 1
Vs +5JCT12 +J T +J Ity _EJCT}za
Vs +Jch2 +J.IT,
1
Vs +JC7;2 +J.IT, _EJc752>

V(1) =

1
Vs +EJCT12 +J LT, - J Tz,

1 1
Vg +5JCT]2 -J T, +5JC¢$,

®)

1
0<t<t, t=t, v,=v5+§JcT]2
1
L <t<t, t=ty, v2=vS+EJCTf+JCTlT2
L <t<ty, t=ty vy=vg+J. T, +J.T"
t,<t<t, t=t, v,=ve+J T, +J.T’
t,<t<t, t=t5 v, :vS+EJCT12+JCTIT2
1
t,<t<t, t=t vG=v5+EJCTl2

t,<t<t, t=t, v, =vg

9)

By setting the time of acceleration, deceleration, acceleration and deceleration segments in the
7-phase S-curve acceleration algorithm equal to the time of acceleration, deceleration, acceleration
and deceleration segments, and the time of uniform acceleration, uniform speed and uniform

573



Metal Forming 2024 Materials Research Forum LLC

Materials Research Proceedings 44 (2024) 569-579 https://doi.org/10.21741/9781644903254-61

deceleration segments, the solution of speed can be simplified, and it can also ensure that the initial
speed vo is equal to the final speed v7 after the acceleration algorithm is run as shown in Eq. 9.
Principle of improved S-curve acceleration algorithm. Due to the specific machining process, the
slider by the acceleration algorithm run by the beginning and end of the speed is not equal, and it
may introduce many different time divisions of the S-curve acceleration algorithm, which will
have many parameters. Therefore, the 7-phase S-curve acceleration algorithm is improved, the
uniform acceleration section and acceleration/deceleration section are removed, while the uniform
speed section in the middle section is moved to the two ends of the acceleration section,
deceleration section next to the curve, and at the same time the curve obtained is smoothed by
using a quadratic parabola at the acceleration mutation cusp, and the schematic diagram is shown
in Fig. 5.
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Fig. 5. Improved S-curve acceleration algorithm principle schematic diagram.

To simplify the solution, the following conditions are assumed here: 7>=T73=T4=Ts5,
Ts=T7=Ts=To, then vs#ve; If Tr=T3=T4s=T5=T¢=T7=Ts=To, then vs=ve. Therefore, taking vs #ve as an
example, the relations between acceleration, acceleration, speed and time of the improved S-curve
acceleration algorithm are given, as shown in Eq.10 to Eq.12.

0, 0<t<y,
J, t<t<t,
J
J——1,, 4, <t=f
T,
J
-1, t,<t<t,
T,
_ -, t, <t<t
SO = -J, t,<t<t
J
—1,-J, t,<t<t,
7
Jr t, <t<t
7; 82 7 8
g, t8<t_<t9
, ty<t<t, (10)

Further integration yields an expression for the acceleration -time relationship as follows.
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0, 0<t<t,
JT,, . t<t<t,t=t,a,=JT,
3
J(Tz+T3—2T—;), t2<tSt3,t:t3,a3:EJ7*2
3 7, ’
J(ETz—ﬁ), t,<t<t,t=t,a,=JT,
2
a(t) = J(T, = 75), t,<t<t,t=t,a,=0
_JTG, R t5<tSt6,t=1‘6’a6=_J37’6
J(_TIS"‘;—;—‘Q), t6 <tSZ7,t=t7,a7=_EJ7;
6
3 73
J(_ET(,'FE), L, <t<t,t=t,a,=—JI
6
J(T + 1), ty<t<t,t=t,,a,=0
0 ly <t <ty,t =ty,a,=0 (11)

Further integration yields an expression for the speed-time relationship as follows.

Ve, O<t<t,t=t,v, =V,
1 1
v5+er§, L <t<t,t=t,,v, ZVS+EJT22
1 1 7, 11
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11 3 7, 19
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19 1, 1,
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11 1 o1 11 11
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11 11 11 11
v, +?JT22 —?JTGZ, ty <t <ty,t=t,,v, =V, +?JT22 —?JTj

(12)

The above parameters dmax~ @min~ T/ vmaxs Vss Ve are the key parameters in the process curve,
which can be used to express the control parameters in the process of S-curve acceleration
algorithm, such as: time interval T;, the jerk J and other parameters, which can simplify the
acceleration algorithm in the solution, according to the boundary conditions can be obtained in
part of the parameters of the relationship between the Eq.13 to Eq. 21.

11
vmax =v5 :VS +?JT‘22 (13)
J _ 2amax _ 2amin _ 44a§1ax _ 44a§1in
37-'2 37; 27(vmax —V ) 27(vmax - ve) (14)
T2 :T; :E :T5 — 9(vmax _Vs)
22a,,. (15)
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T62T7:];:T9:_T (16)
T,
amm = a7 = __JTf) = __()amax
h (17)
Tf Z(amax - amin )TZ Tf 9amin (Vmax - ) 9amax ( max _ve)
Tl:z—{oz?_a—:?_ 1la_ _a (18)
11 11
v, =v, +—JT) ——JT;
3 (19)
i
T.=>T, i=1,2,3,..,10
f i Rt R RN
(20)
amax a3 = _J];
2 21)

Trajectory planning of servo motor press
Trajectory planning model establishment. According to the previous analysis of the servo press
drive system and the deep-drawing process curve, the angular speed, angular acceleration and
angular jerk curve of the servo motor in the complete cycle of the deep-drawing process are given,
as shown in Fig. 6. The relevant variables in the improved S-curve acceleration control algorithm
can be determined according to the process parameters in the actual case. The selected range of
angular speed extreme angles, x1, x2, x3, and x4, is determined based on 61, 02, 05, and 61. Where
61, 6>, 63, and 04, and w1, w2, and w3 are known variables, angular speed extremes angles x1, x2, X3,
and x4, angular speed extremes wmi, and wm2, angular acceleration extremes angles y1, 12, y3, and
4 and known angles 61, 6>, 65, and 64 in the interval time/angle 7o, T1, 1>, T3, T4, Ts, T, T7, T3, To,
T, Tn, T2, T13, Tia, T1s, Tie, and T17 are unknown parameters and need to be solved. The
following relationship exists for the interval time/angle: T1=T>=13=T4; Ts=Te=17=T5;
T1o=T11=T12=T3; T1a=T15=T16=T17. There is also wr=ws.
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Fig. 6. Angular speed curve and key points of servo motor throughout the whole week.

From the Fig. 6, in the idle feed stage, the crank is first accelerated by acceleration 41 from wy
to the angular speed extremes wm1, and then decelerated by acceleration 42 from w1 to the starting
speed of the stamping w»; into the deep drawing stage, the crank is deep-drawn at a constant speed
of w> until the end of the #3; and then into the idle return stage, the crank is first accelerated by
acceleration A3 from w3 to the angular speed extremes wm2, and then decelerated by acceleration
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As from wma to wi in order to achieve the upper dead center of the low-speed operation, and so on
to realize the continuous stamping operation.

Slider motion trajectory planning solution. Taking the relevant parameters of a certain type of
servo press in the references as an example, solving the speed trajectory planning and compare the
results with those in the references [18]. The relevant parameters of the servo press are as follows:
crank radius R=450 mm, connecting rod length Z=1200 mm, and slider stroke $=900 mm, and the
process control parameters are set up as an example for the deep drawing forming of a certain
model's side panel, in which the forming height of the part is 200 mm, and the speed of the start
of the deep drawing process is required to be less than 300 mm/s, and the height of the safety space
required by the manipulator is not less than 700 mm, and the transfer time is not less than 2 s, the
speed of die pulling is less than 80 mm/s when the height of die pulling is 10 mm, and the maximum
acceleration of slider is less than 3500 mm/s®. The key point control parameters are set as follows:
01=66°, 04=294°, §1=S4=705.7 mm, To=2s; 6,=131.5°, $,=200.1 mm, wr=w3=6.7 rpm, v,=297.7
mm/s, 6=190°, $3=9.4 mm, v3=75.1 mm/s.

As shown in Fig. 6, the following relationships exist for some parameters: xi1+71=t1/6h; t1/61+
T=y1; x1+4T1=x2; x212T5=y2; x2+4T5=12/02; t2/02+To=t3; t3/603+2 Th0=y3; t3/63+4T10=x3; X312 T14=V4;
x3+3T14=t4/04; t4/O4+T14=x4. Where the solution parameters include X=[x1, x2, X3, X4, X5, Wm1, Wm2,
Th, Ts, To, Tho, Tha, J], and hence a set of solutions Xo=[0.9, 1.3, 3.24, 4.14, 5.14, 22.5, 24.5, 0.1,
0.11, 1.4, 0.125, 0.1, 313.63], and the corresponding crank and slider kinematic parameter plots
can be obtained, as shown in Figs. 7, §, and 9.
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Fig. 7, 8, and 9 illustrate that while satisfying the spatial and temporal constraints of the transfer
manipulator and the maximum acceleration of the press slider, the maximum production rate can
reach 11.7 times/min. This significantly enhances production efficiency. The continuous variation
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of crank acceleration depicted in Fig. 8 and 9 ensures reliable equipment operation with heightened
flexibility. These findings underscore the efficacy of the improved S-curve acceleration algorithm
for planning the motion curve of the servo press slider.

Summarize

An efficient deep drawing process mode of servo press is established, and the servo press
machining process trajectory planning can be realized by setting 4 key point control parameters,
which is simple and convenient to set up and easy to operate on site. The servo motor flexible
acceleration and deceleration control algorithm with improved S- curve is proposed, and the crank
speed, acceleration and acceleration changes are continuous, which avoids the impact of
acceleration and deceleration process on the equipment, and it can be used for servo press deep
drawing trajectory planning.
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