WSEAS TRANSACTIONS on SYSTEMS Kai He, Yuanxin Luo, Ching Tom Kong, R. Du

Trajectory Planning, Optimization and Control of
a Hybrid Mechanical Press

KAI HE', YUANXIN LUO’, CHING TOM KONG?, R. DU?
'Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences
Shenzhen 518067, P.R. CHINA
*Institute of Precision Engineering, The Chinese University of Hong Kong
Shatin, N.T., Hong Kong, P.R. CHINA
kai.he@sub.siat.ac.cn;yxluo@mae.cuhk.edu.hk;ckong@mae.cuhk.edu.hk;rdu@mae.cuhk.edu.hk
http://www.siat.ac.cn

Abstract: - Hybrid mechanical press is an innovative sheet metal stamping press that has the
advantages of both mechanical press and the hydraulic press. This paper focuses on the control of the
hybrid mechanical press, including trajectory planning, trajectory optimization and real time feedback
control. The trajectory planning is based on inverse kinematics and cubic spline interpolation. The
trajectory optimization is used to realize the desirable punch trajectory under multiple constraints on
velocity, acceleration and jerk of the servomotor. Finally, an improved PID algorithm, called the
integral separated piecewise PID scheme, is used for real time feedback control. Based on the
experiments on a 25 ton industrial prototype, the control ensures the desirable performance of the
press.
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1 Introduction seven-bar linkage mechanism driven by a large

CSM and a small servomotor. It presented a
Tokuz [1, 2] proposed the concept of hybrid tra.tjectory planning methoq for a rpechanical press
machines. Inputs from a uniform motion constant with controllable mechanism. It is based on the
speed motor (CSM) and a programmable motion combination of the inverse kinematics, polynomial
servomotor are summed in a differential gear unit to 1nterpolat10n and  optimization qsing genetic
produce the non-uniform motion at the output of a algorithm. Based on Du and Guo [5], in Yeung, G}lo
linkage. The control of the hybrid system is studied. and Du [6], a small prototype of the press was built.
The PD control scheme with a self-learning tuning One-step dwelling and two-step dwelling of the
algorithm is used. The tuning algorithm has a good punch motion were realized on the prototype using a
performance. However, disturbances were observed motion control board from National Instrument©.
in the tuned command and the corresponding system Moreover, Guo, He, Yeung and Du [7] focused on
responses after some motion cycles. This problem the motion control and experiment validation of the
was eliminated by pausing the tuning algorithm press prototype. The expgriments Sh(?W the press can
after optimum number of motion cycles depending accomplish different motions by tuning the speed of
upon the servo motion required. Afterwards, many the servomotor. Li [8, 9], Li and Zhang et al. [10]
scholars made a lot of significant research on hybrid pr.esented the feature and feasibility of the hybrid
machines. Greenough et al. [3] studied the influence driven mechanical press, analyzed the forward and
of dwelling output on the power output of the inverse kinematics of the press. The displacement of
servomotor using a 2-DOF seven bar mechanism. the servomotor is optimized qsing polynomial curve
Herman [4] presented the coupling of a hybrid and Bezier curve. The dynamic model of the press is
machine to a cam mechanism. The two-DOF developed using Lagrange’s formulation and control
mechanism is a differential gear transmission with of the press is 3150_ discu.ssed. Mepg et al. [11]
two inputs and one output. Du and Guo [5] proposed presented a mechanism with combined input, an
a new metal forming press design using controllable uncontrollable motor and a controllable motor, to a
mechanism. The key idea of the design is a 2-DOF mechanical press to make output motion of the press

ISSN: 1109-2777 614 Issue 5, Volume 8, May 2009



WSEAS TRANSACTIONS on SYSTEMS

variable. The dimension parameters of the
mechanism are optimized. The simulation shows
that the fluctuations of the velocity and acceleration
of the servomotor are reduced after optimum
synthesis, as well as the peak value of the velocity
and acceleration of the servomotor. Ouyang [12]
gave a study on three hybrid intelligent machine
systems, which include the hybrid actuation system,
the hybrid motion system and the hybrid control
system. A general strategy for controlling the
hybrid actuation system based on the sliding mode
control  algorithm was  developed  which
incorporated the speed fluctuation in the CSM into
the controller. The simulation with a preliminary
test demonstrates the effectiveness and robustness of
the controller. But only the simulation study for the
hybrid actuation system was performed to verify the
effectiveness of the developed control system.

From the literature reviews conducted above one
can see that some hybrid systems have been
developed. However, a systematic study on the
hybrid mechanical press has not appeared. The
existing literature has merely provided one aspect or
another of the total sense of the hybrid mechanical
press. However, the study on controllable
mechanism has been limited largely to the
kinematical simulation and many issues remain
unsolved. In addition, nearly all controllable
mechanisms are nonlinear. Hence, their successful
applications depend greatly on the control. This
problem has not been addressed in detail in the
literature. This paper presents a hybrid mechanical
press based on a 2-DOF parallel planar mechanism,
which is driven by a CSM and a servomotor.
Moreover, we built a 25 ton industrial prototype in
cooperation with the Guangdong Metal Forming
Machine Works Co. Ltd., China. This is the first
controllable hybrid mechanical metal forming press
in the world. The paper gives a relatively
comprehensive study on the hybrid mechanical
press, including the trajectory planning, trajectory
optimization and control.

Trajectory planning is a fundamental problem in
robotics, which may be defined in this way: find a
temporal motion law along a given geometric path,
such that certain requirements set on the trajectory
properties are fulfilled [13]. A great number of
studies on trajectory planning have been carried out
in the past two decades [14-16]. Most research dealt
with the trajectory planning of robot manipulators,
and two categories of operations for trajectory
planning have been introduced: point to point
operation and continuous path operation. In the
former operation, the end effector is free to move
between two points, and the optimal trajectory
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requires to be defined; in the latter operation, the
end effector moves according to the predefined path,
and the optimal tracking methods of the imposed
path required to be defined.

Generally the trajectory planning problem is
based on the optimization of some parameter or
some objective function. The common optimal
criteria are minimum execution time, minimum
energy or minimum jerk [17-20].

The hybrid mechanical press is driven by a CSM
and a servomotor. The former is uncontrollable, and
the latter is controllable. The servomotor must
follow the CSM and tune the velocity of the punch
in order to obtain the desired punch trajectory. So
the trajectory planning problem is different from the
robot manipulators, in which all DOFs can be
controlled independently. This paper introduces a
trajectory planning method based on inverse
kinematics and cubic spline interpolation for the
controllable mechanical metal forming press.
Moreover, a trajectory optimization method is
presented to realize the desirable punch trajectory
under multiple constraints on velocity, acceleration
and jerk of the servomotor.

With respect to the hybrid machine control
systems, some manufacturing errors, assembly
errors, backlash and clearance are unavoidable.
They will greatly affect the accuracy of the press
either. So control plays a very important role in the
press. Open-loop control cannot meet the demand,
and closed-loop feedback control is required to
compensate these errors to get the accuracy.

Among the different control strategies, PID
controller is widely used owing to its simple
structure and robust performance in a wide range of
operating conditions.  This paper presents an
improved PID algorithm, integral separated
piecewise PID scheme which is used in the control
system. The improved PID algorithm is able to limit
the contribution of the integral component in the
PID calculation to avoid integral windup. In
addition, it could use different PID parameters to
adapt to different application segments in one punch
motion cycle. The experimental result shows this
algorithm minimizes the effect of unwanted erratic
output signals, and obtains a good control result
accordingly.

2 Trajectory Planning

2.1 The Prototype Configuration
The prototype and schematic illustration of a 25 ton
hybrid mechanical press are shown in Fig. 1 [21].
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Variety of the five-bar
XD (5R — 4RI1P)

(b)
Fig.1: Prototype of the 25 ton hybrid mechanical
press. (a) Prototype. (b) Schematic illustration of the
press.

From the figure, it is seen that the press is
composed of seven parts: (1) the crank, (2) the
upper link, (3) the prismatic joint, (4) the middle
link, (5) the lower link, (6) the punch and (7) the
base. They are connected by revolute joints (R;-Rs)
and prismatic joints (P;, P;). The revolute joint R
and the prismatic joint P, are driven by a CSM and a
servomotor, respectively, by which the movement of
the joint R; is determined. Accordingly, the
trajectory and velocity of the punch (6) is
determined. The prismatic joint P; consists of a
ballscrew and an adjusting slider. The ballscrew is
connected with the adjusting slider which moves up
and down to tune the punch motion through the
linkages. From a mechanism point of view, (1)-(4),
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(7) and the connecting joints form a closed-loop 2-
DOF parallel planar five-bar mechanism with 4R1P
configuration.

2.2 Trajectory Definition

The objective of trajectory planning is to determine
the motion of the servomotor to achieve a desirable
punch travel. In practice, the user usually gives a
vague definition of the desirable punch trajectory,
for instance, a typical sheet forging operation,
requiring (a) smooth pressing to avoid large
transient force and vibration, (b) long dwelling time
to ensure complete metal deformation, and (c) slow
releasing to minimize workpiece springback [5].
These requirements can be represented by a
sequence of desired points. Similar to robotics, these
points are called via points [22]. All the via points
plus the initial and final points constitute the path
points. The punch trajectory must pass through these
via points.

Herein sheet forging operation is taken as an
example. Figure 2 shows eight via points for this
stamping operation. Points 1 and 8 are the top dead
center (TDC) points. Points 3 and 6 correspond to
the top surface of the product, at which the punch
starts or finishes punching the workpiece
respectively. The dwelling segment lies between
Points 4 and 5. The segment between Point 3 and 6
is the forming range of the product. It should be
pointed out in this segment the accuracy of the
punch position should be guaranteed, because it
determines the product forming quality and
accuracy. In particular, the position accuracy of the
dwelling segment must be ensured. It reflects the
repeatability accuracy of the press. If there is a
fluctuation of the punch position, it will not only
affect the accuracy of the current forming product,
but also affect a batch of the products with the same
die. Obviously, it will make degraded products even
waste products. These via points are expressed
quantitatively in Table 1. In practice, more via
points and dwelling segments may be added.

Based on the given via points and segments, the
procedure for computing trajectory is as follows:

Step 1: Compute the corresponding points of the
servomotor based on the inverse kinematics [21];

Step 2: Determine the servomotor trajectories
segment by segment by the cubic spline
interpolation; and

Step 3: Combine the trajectory segments to form
the entire trajectory of the servomotor.

Since the computations in Step 1 have been
introduced in [21] and Step 3 is straightforward,
Step 2 is illustrated in detail.
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Fig. 2: [Illustration of the via points in trajectory
planning. (a) Via points of punch trajectory. (b) Via
points of servomotor trajectory.

Table 1 The definition of the via points and the
dwelling segment

Punch

Do CSM angle ~ motion Punch Punch
Via Points 0,°) velocity acceleration
: (mm/s) (mm/s?)
(mm)
! 0 S, 0
2 612 Sz
3 013 S;
4(dwelling)5 0,4~ S~ Ss 0-0 00
6 016 Se
7 017 S5
8 360 Sq 0

2.3 Determining the Trajectory by Cubic Spline
Interpolation

Based on the inverse kinematics, according to the
via points of the punch trajectory, the corresponding
via points of the servomotor can be computed
together with their velocity and acceleration. For
example, the corresponding servomotor positions
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for the data in Table 1 are shown in Table 2. Note
that these points are discrete data points, and hence,
it is necessary to interpolate these points to generate
a continuous motion.

Table 2 The corresponding points of the servomotor
for the data in Table 1

CSM Servomotor Servomotor
angle .
Via Points angle & velocity Punch.
0.°) acceleration
1
(622
1 0 021 é,
2 e12 (922
3 013 03
A(dwelling)S — 014~615 0r4~0:5 0, Oy 6y, Oy
6 016 Oy
7 017 [

In this study, the interpolation is done using a
cubic spline curve. In general, given the interval, [xo,
Xna], @ cubic spline interpolation function, f(x) , can

be represented as follows [7, 23]:
f(x)_(1+2WJ[MJ . {mx—%](mj et ()
X” —XO XO —x" XO —.Xn x" —XO

O e L el

where, Vo =f(x) s v, =f(x,) )

Vo =f(x), ¥, =f(x,)-

Now consider the curve pass n + 1 conjunction
points, (x;, yi), 1=0, 1, 2, ..., n, but their derivatives,
Vo» Vs ---» », are unknown and hence, must be

found. From Equation (1) the second derivative of

f(x) 1s

. 6 12 6 12
f(x) :[Afoxf(x”l X)Jy[ +[Ax.2Ax‘.3(xx[)JyM + )
2 6 . 2 6 .
[AXI_AX??(XM -X )in _[A)C,_Axf x_xi)JyHl
where, Ax, =x,_, —x . Based on Equation (2), it
follows that

- 6 6 4 2 .
S(x+0)= _Efyi +Ei2yl-+1 —EJ’I- _Eym (a)
-0y =2 2ty (3b)

L= .+
AT T A A

i-1
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Since the second derivative of the spline curve
shall be continuous, it follows that:

f(x+0)=f(x,-0) 4
Or
6 6 4 .
- Axf Vi +Ey,-+1 _A_x,,y' _A_x,.y”l (5)
6 6 2 . .
:Fyi—l —FJ&*FJ/H +Fyi

i-1 i-1 i-1 i-1

From Equation (5), a set of equations can be
formed:

(1_a[)yi—1+2y[+aiyi+1::Bi’i:1’2"”’”_1 (6)
where,
Ax[*l
a=—=
Ax, | +Ax,
l-a, a.
=3 ~(y, =y, )+ —
B ( Ax Vi) Ax (Vi y,)]

Note there are (n — 1) equations but (n + 1)
unknown, therefore it is necessary to add two
additional equations. Suppose we choose to
constrain the acceleration at the two boundary
points:

fx)=f(x,)=0

From Equations (3) and (4), it follows that
3
= Eﬂ D =¥) %)

. . 3
Vur t2y,= o W,

n—1

2y, + 3
= Vuut)

Combing Equations (6) and (7), we can then
solve the unknowns, j,, j, ..., j ; and thus find the

interpolation function (1).

For the data given in Table 2, a three section
spline curve is constructed. The first section is made
of four points: Points 1, 2, 3 and 4. The
corresponding spline curve is:

t—t

2
t—t \ -t -
a@)=|1+2 L ] 6, + 1+2 —1 84, +
2() [ t:+l_t:j[l: t1+]] { t: l:+l](t:+l_t:J o (8)
-t ) AT
t—t)| —L | 6, +(t—t. )| —=—| &,
a2 een [

6, and t € [t ti1]. Note

where, 0,(1)=6,, 6,t)=
that ¢, and 6,,are unknown; but, from Equation (6)

it i1s known that
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{(1 s )921 + 2922 + azéﬁ =P, @)

(I-a )922 + 2923 + asém =p,

where,
At
a, = L At =t,-t,A, =t,—t,
*AL+AL ? ?
At,
Aty + AL

a, = Aty =t,—t,, At, =t, —t,

-« a
ﬂ2:3[ At 2(‘972 21) ?;(8237922)]

1-a, a,
ﬂ3_3[ Atz (QZJ 6 )+ (824 23)]

Accordingly, 6, and 6,, can be obtained. The

cubic spline curve for the section passing Points 5, 6,
7 and 8 can be determined in the same manner. The
section between Points 4 and 5 (i.e., the dwelling
segment) is a straight line and hence, no
interpolation is needed.

But the dwelling segment should be discretized
into a number of points. From the inverse
kinematics, the corresponding discretized points of
the servomotor trajectory could be obtained. The
positions of these points should be guaranteed
because it decides the repeatability accuracy of the
press. Actually, in practice, the punch trajectory can
be achieved using cubic spline interpolation based
on the via points. The total punch trajectory is
divided into g segments by g+1 discrete points.
According to the inverse kinematics, the
corresponding ¢ segments and g+1 discrete points of
the servomotor are obtained. The number of the
points, ¢, can be determined according to the
required accuracy of the press and the controller
performance.

2.4 Simulation Result

Take the sheet forging operation as an example, the
via points of the punch trajectory is given in Table 3.
The punch trajectory can be obtained using the
cubic spline interpolation except the dwelling
segment. It is shown in Fig. 3. Based on the inverse
kinematics, the servomotor trajectory also can be
obtained (shown in Fig. 4). More via points are
added in the example (not shown in the figure).
From the Fig. 4, there is a big fluctuation of the
servomotor trajectory when CSM rotates from 0°to
150°and from 250°to 360°. Such abrupt change in
the servomotor trajectory should be avoided. It
requires large amounts of velocity, acceleration of
the servomotor, which the motor cannot supply
because of its physical performance limitations. So
the trajectory of the servomotor should be optimized.
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Table 3 The definition of the via points of the punch

trajectory
Punch
' ) CSM motion Punc.h Punch-
Via Points o velocity acceleration
angle (6:°) (mm/s) (mm/s?)
(mm)
1 0 -705.46 0
2 112.32 -749.1
3 162.72 -783.1
4(dwelling)5 172.8~ -784~ -784 0~0
187.2
6 197.28 783
7 247.68 -749.86
8 360 -705.46 0

S (mm)

Fig. 3. Punch trajectory based on the via points.
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Fig. 4. Servomotor trajectory based on inverse
kinematics.

3 Trajectory Optimization
Actually it is not necessary to plan the punch

trajectory in the whole cycle for stamping operation,
because most of the stamping operations are done
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around bottom dead center (BDC). The press
provides less force when the punch is farer away
from the BDC. The crank rotates one circle at the
same time the punch completes one motion cycle.
So trajectory planning can be focused on the range
when the crank rotates from 160°to 200°. This range
includes Point 3, 4, 5 and 6 and as well as three
segments they form. Therefore for the example in
Section 2 it is no need to plan the trajectory outside
the range when the crank rotates from 160°to 200°.

Assume when the crank rotates outside the range
from 160°to 200°, the servomotor has a uniform or
approximate uniform motion, which avoids the
abrupt change of the position and the velocity. The
revised trajectory is shown in Fig. 5. Accordingly,
the punch trajectory changes too. From the forward
kinematics, the revised punch trajectory can be
obtained. The two punch trajectories are compared
in Fig. 6. They match well around BDC (from Point
3 to 6) because of no change of the trajectory of the
servomotor here. There is a difference between the
two punch trajectories outside this range. This
difference will not affect the stamping operation
since the punch does not touch the workpiece
outside this range.

i, (rad)

] 50 100 150 200 250 300 350 400
0,

Fig. 5. The revised trajectory of the servomotor.
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Fig. 6. The comparison of the punch trajectory.
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So from a kinematics view, trajectory of the
servomotor can be planned as follows: When the
motion cycle begins, the servomotor moves to the
working point smoothly from the starting point, next
completes the tuning of the punch motion around
the BDC, where its movement is strictly based on
the inverse kinematics, finally moves back to the
starting point smoothly. Actually, in some cases,
before the beginning of the motion cycle, the
servomotor moves to the working point, when it
finishes the tuning, it moves back to the working
point directly to wait the next tuning cycle. As a
result, it will save the running time and reduce the
energy consuming.

Although the trajectory of the servomotor has
been planned based on the inverse kinematics and
the usage of cubic spline interpolation, sometimes it
is difficult to realize this planned trajectory in
practice. It is limited by the physical performance of
the servomotor. In other words, the dynamic
constraints should be concerned. In the 25 ton
prototype, Mitsubishi HC-SFS352 is chosen as the
servomotor. Its rated power is 3.5 KW, rated torque
is 16.7 N-m, maximum torque is 50.1 N-m.

In the example discussed above, the torque
required from the servomotor can be obtained
(shown in Fig. 7) using dynamic modelling with
kineto-static method [24]. The figure shows the
torque around the BDC and its neighbour area when
the crank rotates from 160°to 200°.For simulation
and control, the punch motion cycle is divided into
250 segments by 251 discretized points. It is seen
the torques required from the servomotor at the
Point 120 and 132 exceed the maximum torque the
servomotor can supply. The crank angles
corresponding to these two points are 171.36°nd
188.64°respectively, which are close next to the via
points 4 and 5, the beginning and ending point of
the dwelling segment. Abrupt changes in position,
velocity and acceleration usually happen at these
points, which will give rise to the vibration of the
press and do harm to the servomotor and the
machine structure. It is obvious the trajectories of
the servomotor at these two points need to be
revised.

In order to revise the trajectory of the servomotor,
it is a must to calculate the acceleration and jerk
required from the servomotor when the crank rotates
from 160°to 200°. Fig.8 shows the result. It is a
cubic box which is formed by the maximum
acceleration and the maximum jerk of the
servomotor as well as two boundaries of the crank
near the BDC. The green points are located in the
box, which means at these points the servomotor
can provide the required acceleration and jerk. The
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pink points are the ones whose jerks are outside the
servomotor limit. The red star points are the ones
whose accelerations and jerks are both outside the
servomotor limit. The latter two types of points are
caused by the positions of Point 120 and 132. This
cubic box can be used as a criterion box to test the
points whether they satisfy the constraints of the
acceleration and jerk of the servomotor.

100

Maximum
torque of the
servomotor

M, ()

-100 ¢

Point 120 —8¢

—Point 132

200

-200
160

. . .
[ERES 195
e1

L L L
165 17a 174 190

Fig. 7. The torque required from the servomotor
(under no load) when6, is from 160°to 200°.

Criterion Box

st

Jerk of servomatar [racss)
[ ]

5000

Accel of seromotor [rad/sd -10000° 140 a

1

Fig. 8. Acceleration and jerk test in criterion box.

From the criterion box, it is obvious the
servomotor cannot provide the peak acceleration or
jerk at these points outside the box. So the desired
punch trajectory cannot be realized. It needs to be
revised so that it could be obtained within the
servomotor capacity. Because the position of the
adjusting slider represents the angular position of
the servomotor, changing the position of the
adjusting slider at or near these two points is used to
lower the acceleration of the adjusting slider,
thereby lowering the acceleration or jerk of the
servomotor.
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Fig. 9(a) illustrates the position revision of the
adjusting slider at Point 120. It is obvious the
acceleration of Point 120 is determined by the
positions of Point 119, 120 and 121. The revision
method is given as follows: First, one hundred (the
number can be selected according to the revision
effect) equally spaced points between Point 119
(31.67 mm) and Point 121 (32.54 mm) are divided.
Second, let Point 120 equals to these values and
calculate the accelerations of Points 119, 120 and
121. Thirdly, find the position where accelerations
of the three consecutive points are all within the
limit and the accelerations are the smallest. Fig. 9(b)
is the magnification of Fig. 9(a). It is seen that when
Point 120 is at 32.16 mm, the accelerations of the
three consecutive points are all within the limit and
are the smallest. This position is the optimal one for
Point 120.

x10°
15

T T T T
+  Accelof Point 119
*  Accel of Point 120

Accel.of Point 121 i
—— Maximurn acceleration

05

o5tk

Acceleration of adjustment slide {mm/s?)
o

L L L
321 322 323

4’%1.6 17 318 38 32 324 325 A28
Pasition of adjustment slide (mrm)
Point 119 Point 121
(a)
5000 +  Accelof Paint 119
+  Accel.of Point 120
4000 - Accelof Point 121
‘E — Maximurm acceleration
£ 3000F ]
£
£ 2000F .
G All  the points
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=2 * . 1
& -omf * . L
s t s + + + 7T
5 -2000} Yot * 4
ke I+ " *
El + *
& -3000F 4 + +
< } Tk
4o | * s
The optimal point 4
-SDDD C 1 I 1 I 1 ]
321 3212 3214 3216 0 3218 322 3222 224
Pasition of adjustrnent slide {mrn)

Fig. 9. The position revision of the adjusting slider
at Point 120.

Similarly, the position of the adjusting slider at
Point 132 is revised shown in Fig. 10. When Point
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132 is at 43.69 mm, the accelerations of Points
131,132 and 133 are all within the limit. After the
positions Point 120 and 132 are revised, the
acceleration and jerk of the servomotor are
recalculated in the range when the CSM rotates
from 160°to 200°. Fig. 11 shows all the points are
located in the criterion box.

10t

T T
+  Accel.of Point 131
+ Accelof Point 132

Accel.of Point 133

— Maximum acceleration |]

Acceleration of adjustment slide [mm/g?)

L L L L I
A a5 43 435 44 445 &
Paosition of adjustment slide (mm)
Point 131 ( ) Point 133
a
+ Accelof Point 131
+ Accelof Point 132
- Accel.of Point 133
« 8000 + " — Maximum acceleration
t * = 1
£ * + T
= + L+
z * L+
= ] * 4t
2z * L+
H +
2 ek
W +
2 soof ++++ I—r**
] it *
= F *
5 *
g 100001 *
= +,
o
*
< *
-15000 F * *
+
. . I I . I L *
435 436 437 438 439 44 44.1 442
Paosition of adjustment slide (mm)

Fig. 10. The position revision of the adjusting slider
at Point 132,

Fig. 12(a) shows the simulation results of the
punch trajectory before and after the revision. From
the magnification of the BDC of the punch shown in
Fig. 12(b), the revised punch trajectory is much
smoother at the beginning and ending part of the
dwelling segment. From the dynamic model [24],
the torque required from the servomotor after the
revision is shown in Fig. 13(a). The experiment
result is shown in Fig. 13(b). The experiment result
is consistent with the dynamic model. It confirms
the trajectory planning and optimization with this
method is effective.
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(b)

Fig. 13. Comparison of the torque required from the
servomotor: (a) The simulation result; (b) The
experiment result.

4 Control Scheme

4.1 PID Control

The conventional PID controller has remained by
far as the most commonly used controller in all
industrial control applications because of the
advantages in cost, simplicity, reliability and
effectiveness.

The principle of PID control is illustrated in Fig.
14. Where, y(t) is the measured plant output variable,
r(t) the reference variable, u(t) is the control signal
and e(t) is the control error (e(t) = r(t) - y(t)).

1) + e »@

Derivative

Fig. 14. The principle of PID control.

The mathematical representation of standard PID
control is described in Equation (10):

de(t)
dt

(10)

u(t)= Kp(e(t) +Tij-e(r)dr +T,
i0
Where, K, is proportional gain, 7; is integral time,
T, is derivative time.

4.2 Integral separated piecewise PID scheme
With the advance of micro-electronics, computer
control system is widely used for industrial
applications. Accordingly digital PID controller
replaces the analog PID regulators [25]. The PID
control algorithm in Equation (10) can be
discretized as follows:
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t~kT (k=012,..)
(11)
je(:)dt ~ TZe(zT) TZe(z)
de(t) _ e(kT)—e[(k—l)T] _e(k)—e(k-1)
dt T N T
Where, T is sampling interval.
u(k) = K e(k)+ K, Zk:e(i) +K,[eth)—etk-1]  (12)
Where, K=K, T/T,, Kq=K, Ty/T.
From Equation (12) it is easy to obtain:
u(k=1)=K e(k—1)+K Ze(l)+K [e(k 1) —e(k -2)] (13)

Equation (12) subtracts Equation (13), it follows
that
Auk) =K, [e(k) ek =)+ K e(k) + K, [e(k) — 2e(k 1) +e(k —2)]

=K Ae(k)+ K e(k) + K ,[Ae(k) — Ae(k —1)]

Where, Ae(k) = e(k)—e(k —1).

Equation (12) is the discretized form of the
increment PID algorithm. This algorithm has good
efficiency because there is no process of adding
calculation. It can work well in most cases, but the
problem is that it may cause integral windup. If the
error is non-zero, the integral term will keep
integrating and the output will continue to increase
or decrease. This normally is not a problem and is a
normal feature of the loop. But if the actuator that
realizes the control action has saturated range limits,
and the saturations are neglected, the integrator may
suffer from windup. This causes system oscillations
and leads to instability. The windup is due to the
controller states becoming inconsistent with the
saturated control signal, and future correction is
ignored until the actuator desaturates.

An integral separated PID algorithm is adopted
to deal with integral windup. It is an easy and direct
way. The method is illustrated as follows:

*  Set a threshold value € > 0.

*  When |e(k)| > &, PD algorithm is implemented,
which reduces the overshoot, improves the
response and avoid the integral windup.

*  When |e(k)| <= ¢, PID algorithm is
implemented, which ensures the control
accuracy.

It is obvious that how to choose the threshold
value is very important, which determines if the
algorithm is successful in the application. It is
related with the hardware and software architecture
of the control system.

This hybrid mechanical press is a highly
nonlinear system. The PID parameters auto-tuning
is very hard. Actually it is not necessary to realize
feedback control in an entire punch stroke. PID
control can be only used for guaranteeing the

(14)
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position accuracy of BDC and its neighbour area
which are important for product quality. According
to simple and efficiency principle, if the gain fixed
PID algorithm satisfies the machine accuracy
requirement, it is no need to tune the gain
parameters for the punch motion. If the gain fixed
PID algorithm cannot satisfy the punch accuracy
requirement at or near BDC, a piecewise PID
algorithm can be used to fine tune the punch
position. It is based on the experiments discussed
later.

4.3 Cascade feedback control
Cascade control has been by far the main control
structure in machine tools because of its many
advantages [26, 27]. The controllers of industrial
CNC machines are usually based on cascade
structure which includes current feedback control as
an inner feedback control compensating for the
motor and load inertia, velocity feedback control as
an outer loop improving the capability of load-
disturbance rejection and suppressing velocity
variation, and position feedback control as an outer
loop guaranteeing perfect steady state precision and
dynamic tracking performance, and making the
system run steadily and effectively. This structure
improves the robustness of the controller with
respect to the disturbances and modelling errors.
Develop an able control system is a major
challenge for the hybrid press. A cascade control
structure is implemented because of the merits
mentioned above. The block diagram of the control
system for the hybrid mechanical press is illustrated
in Fig. 15. The current loop and velocity loop shown
in the figure are the built-in control loops of the
servomotor. It is known for a mechanical press, the
position control is a key part which ensures the
punch position accuracy and the repeatability
accuracy of the punch at BDC.

Controller

r Position control | Constant) ¢
II __________ 1 || speed
I f
I Trigger | Lmotor
4 k) Velocity| | Current
&
control control

Desired

2-DOF

0, Mechanism

i |

i Ve [ Inverse |u®
punch . N
e kinematics +
rajectory) |,
Trajectory

118 modifying
|1 Tk algorithm

Current feedback
Differential

Velocity feedback

Punch

Position feedback

___________

Fig. 15 The block diagram of the control system.

The integral separated piecewise PID scheme is
implemented in the position control loop shown in
Fig. 15. Given a desired punch trajectory r(k) which
has been discretized, the open-loop position control
signal u.(k) can be obtained through inverse
kinematics. This work can be done in advance and
the data is kept in memory for on-line calculation.
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When the interrupt routine starts, first read the
current punch position y(k) from the linear encoder,
secondly, y(k) is subtracted by r(k), the obtained
error e(k) is passed to the trajectory modifying
algorithm, i.e. the integral separated piecewise PID
algorithm, next combined with the previous two
errors, the calculated compensation is added to u.(k),
the sum u,(k) is sent out to the servomotor amplifier
in the interrupt routine for completing the position
control. The flowchart of the integral separated
piecewise PID algorithm is shown in Fig. 16.

This cascade control scheme solves the
difficulties met in the motion control of the hybrid
mechanical press. One is the speed fluctuation of the
flywheel which affects the control accuracy. A ten-
thousand-pulse optical rotation encoder is installed
on the crank shaft to measure the angular position of
the crank, which is proportional to the angular
position of the CSM. The encoder pulse signal is
used as hardware interrupt source to trigger the
interrupt routine to execute the position control of
the punch. The encoder pulse signal reflects the
actual motion of the CSM, which contains the
information of the speed fluctuation of the flywheel.
The encoder pulse triggering interrupt routine
realizes the real-time synchronization tracking
control of the servomotor in spite of the speed
fluctuation of the flywheel.

Initial e(0)=e(1)=0

Read given r(k), u (k)
and measured y(k)

\

Read segment flag to
choose PID gains

e(k) = r(k) - y(k)

PD
control

PID
control

Au(k) = k,Ae(k) +
K, [Ae(k) - Ae(k 1))

|

Au(k) =k, Ae(k) + K e(k) +
K, [Ae(k) - Ae(k —1)]

'

Outputu, (k) = u, (k) + Au(kﬁ

<

% N
Crank shaft encoder Other tasks
interrupt

Fig. 16. The flowchart of the integral separated
piecewise PID algorithm.

4.4 Simulation and Experiment Results
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The typical punch trajectory of sheet forging is
taken as example shown in Fig. 17. At the BDC the
punch keeps still for a while when the crank rotates
about 20 degrees. This will ensure uniform metal
deformation. The unit of x-coordinate is the encoder
pulses installed on the crank shaft. Ten thousand
pulses are produced when the crank rotates one
circle. The starting point is the index signal of the
encoder. The unit of y-coordinate is the pulses of the
linear encoder installed along the punch guide rail.
The resolution of the linear encoder is 0.02 mm. The
zero value point on y-coordinate stands for the index
signal of the linear encoder which can be set as the
zero point of y-coordinate. The figure shows the
punch trajectory within one cycle.

2500

2000
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1000

S0

oF

-S00F

Punch position {pulse)

-1000

-1500

-2000

I L L I L I L L I
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Crank shaft encoder (pulse)

Fig. 17. The simulation of punch trajectory for
sheet forging.

Open-loop control, P and PD control are
implemented for the sheet forging operation. The
study focuses on the BDC and its neighboring area.
The control starts when the punch is close to the
BDC. Fig. 18 gives the comparison of the
experiment results around the BDC. It is seen that
open-loop control, P control (K= 3), PD control (X,
=3, K4= 1) do not achieve the desired performance.
At the rear part of dwelling segment, the punch has
left the BDC. In practice, increasing the
proportional gain will have a small effect but cannot
solve the problem because of the nonlinear
relationship between the punch position and the
servomotor input.

Then a piecewise PID algorithm is
implemented in the experiment. Set K, = 2, K; =
1, K4= 0.5, when encoder pulse 6300 arrives,
change the PID gains to K, = 3, K; = 0.5, K4 =
0.5. The experiment result is shown in Fig. 19.
The punch position has some fluctuation at the
BDC. It is clear the fluctuation of the punch
position is = (one linear encoder pulse). A large
number of experiments and continuous running
of the press confirms this control algorithm
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guarantees the repeatability accuracy of the
press. Fig. 20 shows the actual torque (upper
curve) and speed (lower curve) required from
the servomotor. The results are from Mitsubishi
servomotor monitoring software. It is clear the
speed required from the servomotor is small,
which is not more than 1000 r/m when the
rotation speed of the crank is 20 rpm. The
torque has some fluctuations when the speed of
the servomotor has some changes. At one
moment it almost reaches the 300% of the rated
torque of the servomotor. According to the
trajectory planning and optimization discussed
above, the servomotor is able to realize the
punch trajectory for sheet forging operation in
this example.

1650 i,

Open-loop cantrol
— —— Kp=3,Ki=0 Kd=0
Kp=3 Ki=0 Kd=1
Simulation
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Fig. 18. Experiment results of open-loop, P and PD
control for sheet forging.
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Fig. 19. Experiment results of piecewise PID
control for sheet forging.
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Fig. 20. The torque and speed required from the
servomotor for sheet forging.

5 Conclusions

In this paper, a hybrid mechanical press based on a
2-DOF parallel mechanism is introduced. It is
driven by a CSM with a flywheel and a servomotor.
A new method to plan the trajectory of the punch
with multi-constraints is presented. It is done based
on the combination of the inverse kinematics and a
cubic spline interpolation arithmetic. Whether a
planned trajectory can be realized can be validated
using a cubic box, which is formed by the maximum
acceleration and the maximum jerk of the
servomotor as well as two boundaries of the crank
near the BDC. When a point on the trajectory is
located inside the box, the trajectory can be realized.
Otherwise, it will not be. For those unrealizable
points, we can adjust slider at these points and their
neighbouring points to make the points realizable.

A closed-loop controller is developed. Two
control schemes are implemented. First, the pulse
signal of the encoder of the crank is used as the
trigger to complete the synchronization tracking
control of the servomotor. This solves the problem
caused by the speed fluctuation of the flywheel.
Second, an improved PID algorithm, called the
integral separated piecewise PID scheme, is used to
fine tune the control of the servomotor. This
algorithm is able to limit the effect of the integral
component in the PID to void integral windup.
Moreover, it could use different PID parameters to
adapt to different segments within one punch
motion cycle. Hence, the error of the punch motion,
either resulting from the machine assembly or from
the machine dynamics, can be compensated. The
experiments show the control scheme has a good
performance.
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