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Abstract: The present study constructs a servo-hydraulic system to simulate the filling and packing
processes of an injection molding machine. Experiments are performed to evaluate the velocity
and position control of the system in the filling stage and the pressure control in the packing stage.
The results demonstrate that the proposed system meets the required performance standards when
operated with the proportional-integral-derivative (PID) controller under a sampling frequency of
1000 Hz.

Keywords: injection molding; position control; pressure control; V-P transition; servo-hydraulic
system; PID controller

1. Introduction

Servo-hydraulic systems have many advantages for injection molding machines, including high
precision, low noise, a low operating temperature, and good repeatability [1-3]. Furthermore,
compared with traditional hydraulic systems, servo-hydraulic systems have the potential to achieve
energy savings of up to 70%, or more [4,5]. However, to achieve this energy-saving potential,
the servo-hydraulic system must first be carefully designed and optimized.

Of all the parameters involved in the injection molding process, the injection velocity and packing
pressure are two of the most important ones in determining the quality of the molded part. The injection
velocity refers to the speed at which the screw moves in the forward direction during the cavity filling
stage, while the packing pressure refers to the pressure applied to the molten resin in the cavity as
it cools and solidifies to form the final component. However, even when the injection velocity and
packing pressure are properly controlled, the accuracy with which the injection cycle transits from
the constant-velocity (V) filling the stage to the constant-pressure (P) packing stage plays a critical
role in ensuring a correct and consistent quality of the molded component [6,7]. Many approaches
have been proposed for controlling the V-P switchover point, including pressure switch, time switch
and position switch. In the position control method, V-P switchover is initiated automatically as
soon as the screw displacement reaches a certain predetermined value [8-10]. Among all the methods
available, the position control method is one of the most commonly used since, the same amount of
resin is injected into the mold in each shot, and hence the consistency of the molded part quality is
guaranteed [11].

Previous studies have reported that moving the screw backward through a short distance when
reaching the V=P transition point is beneficial in decreasing the pressure at the screw front and hence
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in preventing overflow or part warpage [12]. Kamiguchi et al. [13] had illustrated how the pull-back
motion work, yet the discussion including the distance and performances of pull-back motion have
been omitted. Particularly, pulling the screw back too far runs the risk of trapping air bubbles in the
mold, while moving the screw back too little risks not reaching the pressure reduction function. Hence,
the pull-back distance must be carefully controlled to ensure that the molded components satisfy the
required quality standard.

The present study designs and constructs a servo-hydraulic system to simulate the filling and
packing stages of an injection molding machine. A proportional-integral-derivative (PID) controller
is additionally designed to control the V-P switchover point using the position control method.
Experiments were performed to investigate the performance of the proposed system in terms of its
speed control (filling process), pressure control (packing process) and V-P switchover point control
(V=P transition). In general, the results confirm the feasibility of the proposed servo-hydraulic system
for injection molding applications given an appropriate setting of the sampling frequency (1000 Hz).

2. Materials and Methods

2.1. Experimental System

Figures 1 and 2 presents a schematic illustration of the experimental system constructed in
the present study. The micro control unit, as known as MCU, is produced by ICP DAS company
with 1 kHz sampling rate, seven channels to install analog 1/0, digital I/O modules. The driver
which had a 20-bits resolution encoder is produced by the DELTA company. The servo motor is a
permanent-magnetic motor produced by DELTA company, and its power is 5.5 kW with a maximum
motor speed of 3000 rpm. The power source in the experiment system was a piston pump from the
YEOSHE company with the highest pump speed is 2750 rpm. Additionally, the continuous working
pressure and displacement of the pump were respectively 350 bar and 16 cc/rev. More details of main
components’ specifications are listed in Table 1.
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Figure 1. Experimental system.

The servo proportional valve is a key component in the proposed system, which changes the
opening size according to the input voltage. The valve is produced by Parker, which has a maximum
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flow rate of 90 L/min, receives a diagnostic signal from +10 V to —10 V and the frequency response of
350 Hz. Servo valves operate with very high accuracy, very high repeatability and very high-frequency
response, even so, the servo proportional valve has acceptable performance and lower cost for
industrial usage. A nitrogen gas spring was installed in the experiment. When the screw moved
forward, it encountered a resistance force, which was the role that the spring plays. This loading
experiment system was applied to simulate the situation between the injection and the packing stage.
This nitrogen gas spring is produced by NITROGAS company. The maximum compression stroke is
125 mm and its maximum working pressure is 150 bar.

Figure 2. The outfit of the experimental system.

Table 1. Main components’ specifications of the experiement system.

Components Specifications

Hydraulic cylinder Diameter: 100 mm
Max. of stroke: 170 mm
Max. working pressure: 140 bar
Servo proportional valve =~ Max. flow rate: 90 L/min
Max. working pressure: 350 bar
Step response: 3.5 ms
Micro control unit OS: Linux kernel 2.6.33
Position transducer Resolution (Analog): 12 bit

2.2. Control Strategy

It is well known that the PID controller has been widely accepted for controlling the
industrial system.

Figure 3 shows the control strategy developed in the present study to control the servo-hydraulic
system in the constant velocity and constant pressure modes. In the filling (constant velocity) stage,
the controller takes the feedback signal provided by a flow meter as the input and adjusts the
servo-motor speed in accordance with a prescribed control law such that the velocity remains at
the required value. Once the hydraulic stage reaches the target switchover position, the controller
reduces the voltage output in order to reduce the motor speed and enters the pressure control stage.
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Subsequently, the controller maintains a constant pressure by advancing the hydraulic stage slowly in
accordance with the signals received from a pressure transducer and torque sensor.
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Figure 3. Flowchart of proposed control strategy.

Figure 4 indicates how the servo proportional valve acts in the experiment. The servo proportional
valve is set to fully open in the initial from node P to B (see Figure 1) by applying the voltage —10 V.
Once the position of the hydraulic cylinder reached to the first target position, set the opening size to
0.5% (applied the voltage of —0.05 V). Next, switch the node P to A (applied the voltage of 0.25 V to
the valve) in order to perform the pull-back motion.

Proportional Valve
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Figure 4. Voltage input to the servo proportional valve during the control sequence.

2.3. Experimental Performance Indicators and Targets

The maximum overshoot was defined as the difference between the maximum recorded pressure
value and the target pressure value. Meanwhile, the response time was defined as the time taken for
the cylinder to move backward to the second target position having first reached the V-P switchover
position. Finally, the standard deviation (RMSD) of the pressure was defined as the magnitude of the
pressure variation between the system pressure and the target pressure under steady-state conditions.

The target values are based on industrial demands. In performing the experiments, the target
value for the maximum overshoot of the pressure at the hydraulic cylinder was set as less than 5 bar,
the overshoot of the cylinder position as less than 1 mm, the response time as less than 3 s, the RMSD
of the cylinder position as less than 0.5 mm, the RMSD of the pressure as less than 1 bar, and the
average speed of the motor when entering steady-state conditions as less than 50 rpm (Figure 5 and
Table 2).
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Figure 5. Illustration of the experimental performance indicators.
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Table 2. Target values of the performance indicators.

Performance Indicators Targets

Pressure at the hydraulic cylinder =~ Max. overshoot less than 5 bar
RMSD less than 1 bar

Cylinder position Max. overshoot less than 1 mm
RMSD less than 0.5 mm

Response time less than 3 s

Average speed of the motor less than 50 rpm

2.4. Multi-Target Positions, Single Target Speed, and Single Target Pressure Control Experiments

The multi-target positions, single target speed, and single target pressure control experiments
are performed to investigate the performance of the proposed system in terms of its speed control,
pressure control and V-P switchover point control.

Parameters in the experiment are defined as:

Ll

Response time: as the definition in the previous section.
Position: the position of the cylinder away from the B side.
Pressure_1: the pressure value at the pump outlet.
Pressure_2: the pressure value at the hydraulic cylinder.

In order to examine the performance of the proposed system under different position sections,
flow velocities and sampling frequencies, experiment sets are list below:

1. Sampling frequency: 500 Hz

When the hydraulic cylinder reached the target V-P switchover position in the velocity-control

mode, it was pulled back through a distance of 2 mm, and the system then switched to the
pressure-control mode to execute the packing stage. Note that the pull-back distance (2 mm) was
set as the minimum value possible under a sampling frequency of 500 Hz. The corresponding
experimental targets are shown in Table 3 for V-P switchover positions (35mm, 50 mm and

65 mm).

Table 3. Experiment sets under a sampling frequency of 500 Hz.

Target Position (mm) Target Velocity (mm/s) Target Pressure (bar)

35— 33 50-80 100
50 — 48 50-80 110
65— 63 50-80 120
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2. Sampling frequency: 1000 Hz

The experimental procedure was the same as that described above and shown in Table 4, with the
exception that the pull-back distance was set as 1 mm (i.e., the minimum attainable distance
under a sampling frequency of 1000 Hz).

Table 4. Experiment sets under a sampling frequency of 1000 Hz.

Target Position (mm) Target Velocity (mm/s) Target Pressure (bar)

35— 34 50-80 100
50 — 49 50-80 110
65— 64 50-80 120

Note that the entry 50 mm — 48 mm-80 mm/s-110 bar in the following section indicates that
the cylinder is displaced through a distance of 50 mm at a speed of 80 mm/s and is then pulled back
through a distance of 2 mm to 48 mm. The system then switches to the packing stage with a constant
packing pressure of 110 bar.

3. Results

3.1. Results of Multi-Target Positions, Single Target Speed, and Single Target Pressure Control Experiments

The results demonstrate that the behavior of the injection molding process is successfully
simulated, as the case 65 mm — 63 mm-80 mm /s-120 bar, 500 Hz (Figure 6) shown below. In addition,
it is important to look into the following typical phenomenon in the results:

A severe pressure drop at pressure 1 can be observed around the time at 1.75 s, which is the point
of the V-P transition (Figure 6b,c). A slope change of pressure 1 and pressure 2 from 0.5s to 1.75 s
shows the effect of the spring resistance. Caused by the pull-back motion, pressure 1 occurs a pressure
drop after the V=P transition, note that it indicates the pressure at the outlet of the pump which is not
a concern. However, pressure 2 performs steadily even during the pull-back motion, which meets the
expected results (Figure 6d).
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Figure 6. Experiment results for the case 65 mm — 63 mm-80 mm/s-120 bar with, (a) position,
(b) velocity, (c) pressure 1 and (d) pressure 2.
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Figure 7 shows the velocity control results under different experiment sets. It can be seen
that the flow velocity holds around 50 mm/s for about 0.3 s, however, the velocity in Figure 7b,c
(Target velocity higher than 50 mm/s) case dropped almost immediately once it reached the target flow
velocity. Additionally, the flow velocity rose up after the V-P transition in order to compensate for the
effect on pressure due to the pull-pack motion, and then enter the steady-state. A similar effect occurs
at the results of the motor speed (Figure 8), the speed reversed after the V-P transition, then leaped up
to hold the target pressure.

Velocity Velocity

Velocity (mm/s)
Velocity (mm/s)

0051152253 354455556657 7588599510 0051152253 35445555665775

45 5 55 8 8599510
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(a) Velocity result of 35 mm — 33 (b) Velocity result of 65 mm — 64

mm-50 mm /s-100 bar. mm-50 mm /s-120 bar.
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() Velocity result of 35 mm — 34
mm-80 mm /s-100 bar.

Figure 7. Comparison of velocity control results under different conditions.
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(a) Motor speed result of 35 mm — 33 (b) Motor speed of 65 mm — 64 mm-80
mm-80 mm /s-100 bar. mm/s-120 bar.

Figure 8. Motor speed results under different conditions.

Figure 9 demonstrates the results of the multi-positions control, the red lines stand for the second
target position. The slope indicates the moving forward speed of the hydraulic cylinder, which is
positively correlated with the target velocity (Figure 9a,b). The maximum overshoot of the position
occurs right before the V-P transition, then the position holds at the second target position steadily.

Comparison of the results are list below in Tables 5-10, with the value out of standards colored.
The results of response time performed well under all the circumstance, moreover, the response
time decreases as the velocity increases. RMSD of the position sometimes exceeded the preset value
under 500 Hz, on the contrary, the results were qualified under 1000 Hz. The pressure at the cylinder
(pressure 2) was challenged to meet the target with 500 Hz under all the experiment sets. In contrast,
overshoot and RMSD were successfully controlled at the sampling frequency of 1000 Hz .
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Figure 9. Comparison of position control results under different flow velocities.

Table 5. The 35 mm — 33 mm-~100 bar, 500 Hz.

Position (mm) Pressure 1 (bar) Pressure 2 (bar)

Velocity (mm/s)

Response Time (s) Motor Speed (rpm)

Overshoot RMSD Overshoot RMSD Overshoot RMSD
50 1.64 0.17 0.1 28.29 0.85 4.82 0.55 39.7
60 1.6 0.1 0.26 38.23 0.8 4.87 0.63 40.85
70 1.55 0.14 0.16 52.95 0.77 4.8 0.95 38.71
80 1.45 0.6 0.29 70.7 0.85 47 0.34 38.28

Table 6. 35 mm — 34 mm-100 bar, 1000 Hz

Position (mm) Pressure 1 (bar) Pressure 2 (bar)

Velocity (mm/s) Response Time (s) Motor Speed (rpm)

Overshoot RMSD Overshoot RMSD Overshoot RMSD
50 1.39 0.15 0.27 522 0.69 46 0.48 45.7
60 1.21 0.23 0.13 7.19 0.7 49 0.36 43.85
70 1.18 0.43 0.14 10.04 0.95 3.79 0.81 48.71
80 1.08 0.59 0.16 14.76 0.84 3.7 0.56 45.28

Table 7. 50 mm — 48 mm-110 bar, 500 Hz
Position (mm) Pressure 1 (bar) Pressure 2 (bar)
Velocity (mm/s) Response Time (s) Motor Speed (rpm)

Overshoot RMSD Overshoot RMSD Overshoo RMSD
50 1.99 0.18 0.1 26.3 0.82 4.8 0.49 41.52
60 1.89 0.5 0.4 38.26 0.78 5.9 0.77 42.69
70 1.85 0.24 0.15 50.95 0.75 5.56 0.46 4291
80 1.8 0.7 0.59 60.38 0.83 491 0.28 43.79

Table 8. 50 mm —49 mm-110 bar, 1000 Hz

Velocity (mm/s)

Response Time (s)

Position (mm)

Pressure 1 (bar)

Pressure 2 (bar)

Motor Speed (rpm)

Overshoot RMSD Overshoot RMSD Overshoot RMSD
50 1.6 0.31 0.11 9.79 0.65 48 0.3 43.52
60 1.45 0.63 0.28 12.28 0.64 42 0.5 42.69
70 1.24 0.53 0.28 19.13 0.69 4.95 0.41 4591
80 1.19 0.5 0.26 26.4 0.61 48 0.6 46.79

Table 9. 65 mm — 63 mm-120 bar, 500 Hz
Position (mm) Pressure 1 (bar) Pressure 2 (bar)
Velocity (mm/s) Response Time (s) Motor Speed (rpm)

Overshoot RMSD Overshoot RMSD Overshoot RMSD
50 3.13 0.15 0.2 9.21 0.65 6.0 0.72 47.58
60 2.75 0.25 0.15 14.21 0.83 7.3 0.48 48.38
70 2.65 0.3 0.54 17.7 0.75 7.35 0.49 49.05
80 2.45 0.22 0.21 21.79 0.95 6.99 0.45 49.86




Appl. Sci. 2019, 10, 71 90f11

Table 10. 65 mm — 64 mm-120 bar, 1000 Hz

Position (mm) Pressure 1 (bar) Pressure 2 (bar)
Velocity (mm/s) Response Time (s) Motor Speed (rpm)
Overshoot RMSD Overshoot RMSD Overshoot RMSD
50 2.15 0.26 0.14 7.87 0.83 42 0.85 46.58
60 1.78 0.3 0.33 11.36 0.92 42 0.78 46.38
70 1.63 0.09 0.31 15.94 0.88 48 0.79 47.05
80 1.56 0.33 0.21 20.01 0.85 493 0.65 47.86

4. Discussion

Observing the experimental results presented in Tables 5-10, as the target position increases from
35 mm to 65 mm, the response time increases but still meet the standard. At the sampling frequency
of 500 Hz, pressure at the front of the cylinder sometimes exceeds the preset value. However, all the
targets are satisfied under the sampling frequency of 1000 Hz. Moreover, the response time under
500 Hz is a lot greater under 1000 Hz, especially at high target pressure. The response time is crucial
for the pull-back motion since the long response time has a risk of affecting the following process.
When applying a higher target velocity, the PID controller requires larger gain parameters (K, K;,
and K;) to achieve expected performances. However, the PID controller occurs integral windup as
the limitation of the system, the motor driver will finally end up with servo off which be incapable of
performing pressure control.

Due to the analog feedback signal noise of the position transducer, the minimum distance of the
pull-back motion is tested and turns out to be 2 mm under a sampling rate of 500 Hz and 1 mm under
1000 Hz. Consequently, the sampling frequency does have an impact on the accuracy of the position
control. Also, applying a filter or a proper signal process may improve the precision of the position
control. By the way, the pull-back motion is controlled by the open direction of the servo proportional
valve. Input a positive voltage to the valve causes the hydraulic cylinder moving backward, since the
back pressure in the system, the pull-back speed, and distance depends on the opening size of the servo
proportional valve and the PID parameters. The experiment results indicate that the PID parameters
have little effect on the backward speed of the cylinder, and the pull-back motion is dominated by the
opening size of the servo proportional valve (Figure 4).

Though the results are satisfying, there is space for improvement: Injection molding machines
in industrial using can have the injection speed much higher than the target speed (80 mm/s) in the
present study. Due to the limitation of the hydraulic cylinder stroke (170 mm in the study), the velocity
control stage lasts for too short which the cylinder reaches the target position almost simultaneously
when the speed reaches target value (Figure 6b). To solve the problem, it could be necessary to run the
experiments with an injection molding machine. However, experiments with an injection molding
machine could be more complicated since the temperature of the polymer melt and material used for
the experiment needs to be taken into account.

5. Conclusions

This study has constructed a servo-hydraulic system to simulate the main processes of an injection
molding machine. The experimental results support the following main conclusions.

1.  The proposed PID controller successfully detects the designed V-P switchover point and
switches from the constant-velocity mode to a constant-pressure mode accordingly with the servo
proportional valve. The opening size of the valve should be carefully designed to accomplish the
pull-back motion.

2. The response time and the pressure overshoot at the cylinder rise as the target pressure increases.
In the study of Chen et al. [14], performances of the PID controller and self-tuning fuzzy PID
controller have been compared. By introducing the self-tuning fuzzy PID controller in the system
can improve the response time, pressure RMSD and pressure overshoot.



Appl. Sci. 2019, 10, 71 10 of 11

3. When the sampling frequency is set as 1000 Hz, the system achieves all of the displacement,
velocity, and pressure performance targets with the exception of the maximum overshoot of the
pump outlet pressure in performing V-P switchover.

4. In practical applications, the optimal pull-back distance of the cylinder prior to the packing stage
depends not only on machine performance but also on polymer resin properties, and quality
requirements of the product, etc. In general, the position control accuracy of servo-hydraulic
systems depends on the sampling rate. For the system developed in the present study, a pull-back
distance of 1 mm can be achieved using a sampling frequency of 1000 Hz.
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