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Abstract. The lift up or press process with high precision position control is an important
application in various industries. An example of this lift up and press is the process of a
rapid prototype machine, powder based and metal-based 3D printer. It is difficult to design
the mechanism and controller for base table accuracy, because it needs to control the base
position of the system with the weight varying over a large range. Also, the friction in the
system would vary accordingly. This leads to a low performance of the system in some range
loads. Therefore, the new design system utilizes a DC motor and ball screw and a pneumatic
actuator to create a hybrid motor to use for the lift up and press system. This pneumatic
actuator is designed to support a heavy load and the DC motor and ball screw are designed
to control the position. Thus, the developed hybrid motor can be used to improve the
performance of the system. The simulation and experimental results show that the
developed system improved the rise time, setting time and steady state error. The time
response of the system with a heavy load looked similar to the time response of the system
with a light load. Moreover, the developed hybrid motor technique can be used for other
applications such as to control the 3D powder painter tank base position and the silicon
injection system of the 3D print head, which is a challenge due to the high friction in the
tube.

Keywords: Ball-screw, DC motor, pneumatic actuator, hybrid actuator, friction, PID
control.
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1. Introduction

Currently, high precision positioning systems are widely used in many industry manufacturing processes [1]
such as the assembly and inspection of microelectronic components of hard disk drives or in the automotive
industries [2]. High precision performance demands have quickly increased due to the needs of improving
both quality and speed [3-4]. Many types of actuators such as DC/AC motors ot stepping motors with ball-
screw/lead-screws, piezoelectric actuators as well as pneumatic or hydraulic actuators are used to develop
high precision positioning systems [1-19]. Also, many sophisticated control techniques such as adaptive
control [4-5,17], friction compensation [6], and slide mode control [7-8] have been developed to improve
systems performance and to support manufacturing processes.

The lift up or press process with high precision position control is a special and important application in
industries [20]. The demand for this type of application is increasing, for example as a machine tool for lifting
and injection. Another significant challenge is the lift up and down process of a rapid prototype machine,
powder based and metal-based 3D printer [21-22]. The process involves a buildup of many thin cross sections
of the 3D model as shown in Fig. 1. Normally, a 3D printer has 2 tanks, one tank is the powder feed tank
and the other is the build tank. The build tank is important, since the tank base position needs to be precisely
controlled to obtain a high quality surface finish of the built part. Moreover, when the build tank is large, the
weight of the powder inside the tank may be more than 1000 kilograms. An example of a powder-based 3D
printer with 1000 kilograms capacity is shown in Fig. 2. Thus, it is difficult to design the mechanism and
controller to control the tank base position accurately, because it needs to control the base position of the
system with the weight varying from 0 to 1000 kilograms. Also, the friction in the system would vary in a
large range.
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Fig. 1. Powder-Based 3D Printer.
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Fig. 2. Powder based 3D printer with 1000 kilograms capacity at mechanical engineering, Chulalongkorn
University.
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The increasing demand on the performance and cost of the lift up and press system has driven researchers
to develop a mechanism and control technique to improve the performance of the system [1-19].

Since the load of the system is heavy and its position needs to be precisely controlled, most researchers
focus on developing the mechanism with DC motors, gears and ball screws, because gears can efficiently
increase the torque of DC/AC/stepping motors and ball screws can efficiently convert rotary motion into
linear motion with high accuracy [1, 3-4, 6, 9, 11]. A lot of mechanisms have been designed for these purposes,
such as the hollow shaft stepper motor as shown in Fig. 3(a) [23], the motor jack screw as shown in Fig. 3(b)
[24], the parallel mechanism of motors and ball screws as shown in Fig. 3(c) [25], and the hollow shaft mega
torque motor with ball screws as shown in Fig. 3(d).

(b) Motor Jack Screw [24]
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Fig. 3. Examples of design mechanisms for the lift up and press system.

The hollow shaft stepper motor is the simplest mechanism for a lift up and down system, since it has
only a stepper motor and a lead screw as its major components. By controlling the stepper motor, the design
position of the system could be achieved. The Z Corp 3D Powder Printer is an example which uses this
mechanism to control the base tank [25]. However, this mechanism cannot be used for a heavy load
application due to the limited torque of the stepper motor.

The motor jack screw uses a DC/AC motor to drive the system. Since it has a gearbox, the force can be
increased, and a small DC/AC motor could be sufficient. This mechanism can be used to lift up and down a
heavy load such as a vehicle. However, it is not easy to precisely control the position of the system because
of gear backlash, flexibility and hysteresis [11]. Also, this problem cannot be easily solved by designing an
advanced control technique.

To avoid backlash, flexibility and hysteresis of gears, the parallel mechanism of motors and ball screws
uses more than one set of motors and ball screws to drive the system. Each motor directly connects to a ball
screw without any gears to minimize the mechanisms for driving. If multi mechanisms for driving are used,
the accuracy of the system will diminish, due to backlash, flexibility and hysteresis of the mechanisms.
Figure 3(c) shows an example of 4 sets of motors and ball screws to lift a 1000 kilogram load application. In
this case, the force distribution of the system is better than the force of a system with one actuator. Also,
since the position needs to be controlled and each motor has a high-power torque, a special controller has to
be designed for driving all motors [9]. If one of motors does not work propetly, the base tank may be skewed
or damaged. Thus, the cost of this mechanism is high due to the number of motors and ball screws and a
special controller.

To avoid the problem of multi actuators, the use of only one motor and one ball screw as shown in
Fig. 3(d) makes the mechanism and controller simpler. However, the motor and ball screw would need to be
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very large, and the distribution force to lift up and press the load looks like a point load. Also, during the
operation, the motor consumes a lot of energy, since it is difficult to design a brake for this system.

The summary of advantages and disadvantages of each type of actuators is also shown in Table 1. If the
transient response, accuracy, and stability of the system are concerned, none of single actuator can give all
the concerned performance indices. Also, using two or more actuators to combine their effects, they may
interfere each other.

Table 1. Comparison of advantages and disadvantages each type of actuators.

Actuator Advantages Disadvantages

The position control is open-

Stepper Motor Load cannot be guaranteed.
loop control.
L The motor stiffness is low along the
DC Motor The response speed is high. . &
motot axis.
. L Precision position control is ve
Pneumatic Actuator Force control is intrinsic. difficult p Ty
ult.

Hydraulic Actuator The hydraulic stiffness is high. The response speed is slow.

The controllers of the motor and
pneumatic actuator must be synergistic.
Under balance load of pneumatic
actuator would cause slow transient
response and over balance load of
pneumatic  actuator would  cause
increasing of position steady state error.

Hybrid motor (DC motor  The response speed is high and
and Pneumatic actuator)  position control is improved.

Not only the mechanism needed for the lift up and press system is vital, but the controller is also an
important part of the system. A number of control design techniques have been developed [1, 3-11,17]. Most
researchers tried to verify the model’s uncertainties and nonlinear friction and then developed a controller
algorithm to compensate for them. For example, refs [1, 3, 7-8] verified the static and dynamic friction
regimes and then applied sliding model controllers to a ball-screw-driven stage to improve the position
control of the system. Ref. [4] confirmed the micro and macro dynamics of ball screws and applied a model
reference adaptive control to control the system for small- and large-scale dynamics. Ref. [5] used an extended
state observer to find the model’s uncertainties and applied a robust control to control the system. Ref. [0]
estimated the friction parameters to control the system with a proportional-integral-derivative (PID) control
and ref. [9] developed a control for the dual mechanically coupled parallel ball screws to synchronize the
motion of the ball screws.

Even though many researches have proposed different techniques to improve the performance of the
lift up and press system, the proposed techniques are still not suitable to apply in this case. For example, most
of the control techniques focus on the verification of the model’s uncertainties and nonlinear friction and
then develop an algorithm to estimate the friction parameters and compensate for them, but their techniques
do not include a large load variation of the system. This leads to a low performance of the system over the
whole range of load. Moreover, the developed control techniques may be suitable only for the system model
which is close to the nominal model. Thus, this paper proposes a new mechanism design. The new design
utilizes a DC motor and ball screw and a pneumatic actuator to create a hybrid motor system to apply to the
lift up and press system. The pneumatic actuator is designed to support the heavy load and the DC motor
and ball screw are designed to control the position. With both actuators, the system has the capability to
support the heavy load and control the position of the system. Then, this control technique is further
developed to improve the performance of an application, such as a powder-based 3D printer.

The main contribution of this work is to demonstrate that a DC motor and pneumatic actuator can work
together by combining their advantages and show little interference. The rest of the paper is organized as
follows: Section 2 describes the basic design and dynamic model of the lift up and down system. Section 3
introduces the hybrid motor system and its simulation results. Section 4 explains the experiment setup, and
the results of the system are performed to evaluate the approaches. The final conclusions are presented in
Section 5.
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2. Lift Up and Press System
2.1. DC Motor and Ball Screw

As shown in Fig. 4(a) the major components of the lift up and press system are composed of a DC motor
with encoder, ball screw, linear guide and liner bearing, and a base table. The DC motor is used to drive the
ball screw and the encoder is used to measure the angle of the motor shaft. The base table is attached to the

nut of the ball screw and linear bearing. Thus, the displacement of the base table is controlled by the rotation
of the ball screw.

Linear Bearing

Linear Guide

gp 8,6
(a) (b}

Fig. 4. 'The vertical axis of the mechanical components of the system and a model of the system.

The system can also be presented as the model shown in Fig. 4(b). Since the stiffness of the ball screw
and the connection between the nut and base table are finite, the model is simplified as a two-mass system.
Thus, the dynamic motion of the system can be derived accordingly:

. . 2T
Jm0 +bp, 0+ k0 =T+ k—x—1Y
S (1)
P
21

where the variables 8, x are the motor angle and the table displacement respectively, [, is the total rotational
inertia of the motor and sctew, by, is the damping coefficient of the motor, k is the equivalent stiffness of
the ball screw, T is the motor torque, P is the pitch of the ball screw, ¥ is the nonlinear friction of the system,
my is the mass of the system including the load, and b is the damping coefficient of the table.

Based on Eq. (1), the accuracy of the system depends on the nonlinear friction ¥, which happens at the
contact between nut and ball screw. For nonlinear friction, many friction models have been developed, such
as the bristles deflect model [3, 6, 26], the static/dynamic friction model [3], the magic formula tite model
[27, 28], or classical models [27]. In this case, only three terms were fixated. The nonlinear friction ¥, is
shown in Eq. (2).

v=f+fth
f ={ E, if6=0and|F|<F

F;sgn(F,), if 6 =0and |F,| = F; @
fe = Fesgn(9)
fv =FE,0

where f; is the static friction, f; is the coulomb friction, f;, is the viscous friction, F, is the external force, F;
is the maximum static force, F; is the coulomb friction coefficient, and F, is the viscous friction coefficient.
Figure 5 shows an example of friction models. The friction force is given by a static function, except possibly
for zero velocity. The model shows that not only is it a nonlinear model but also that the friction varies with
the load of the system.
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Fig. 5. Example of friction models: Fig. (a) shows Coulomb friction; Fig. (b) is Coulomb plus viscous
friction; and Fig. (c) is stiction plus Coulomb and viscous friction.

The load of the lift up and press system varies in a large range. Figure 6 shows the frequency response
of the system with different loads. The frequency response shows that once the load is increased, the transient
response of the system is increased, because the gain magnitude is decreased, and the motor torque is limited.
Moreover, if the controller is not adjusted, the accuracy of the system position will be decreased.
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Fig. 6. Frequency Response of Motor and Ball Screw System without Friction.

Since the load of the lift up and press system varies in a large range and the friction is nonlinear, it is not
easy to design a controller for this system. Thus, the next section will present the new mechanism designed
for this application.

3. Hybrid Motor

Due to the problems with the DC motor and ball screw system, it is difficult to design a system with only the
DC motor and ball screw. Using multi sets of DC motors and ball screws can solve the torque limitation of
the system, but it complicates the mechanisms and controller. The system needs to be designed to prevent
the mechanism conflict and the controller needs to synchronize the motors. To avoid these problems, a
hybrid motor system was designed. A pneumatic cylinder was selected to be installed in the original system.
The pneumatic actuator is designed to support the heavy load and the DC motor and ball screw are designed
to control the position. Then, the pneumatic cylinder is used to supply the extra force to the system. The
force from the pneumatic cylinder is simply controlled by controlling the pressure supplied to the cylinder
without controlling the pneumatic cylinder position. Thus, there is not mechanism conflict in this system.
Also, the pneumatic force can be used to balance the load, so a high torque from the DC motors is not
required. Moreovet, it can reduce the friction coefficient due to the load of the system. Therefore, it is not
too difficult to design a controller to compensate for the friction in this case.

A diagram and model of the hybrid motor is presented in Fig. 7(b). (Note: it is possible to use a hydraulic
actuator instead of a pneumatic actuator, but the hydraulic actuator requires more components to make it
work.)
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Fig. 7. Compression of dc motor and ball screw system and hybrid motor system: (a) The vertical axis of
the mechanical components of the system and a model of the system; (b) Hybrid motor with pneumatic
cylinder and a model of the system

Based on Eq. (1), the dynamic motion of the original system, the dynamic motion of the hybrid system is
shown in Eq. (3).

. . 21
b+ b0 + k0 =T +k=—x—1
P ©)
P

where Fp is the pneumatic force.
3.1. Simulation Results

In order to check the performance of the hybrid motor system, the simulation was implemented on the
Matlab Simulink, as shown in Fig. 8, based on Eq. (3). The Simulink model consists of a DC motor model
with nonlinear friction and a torque limit, ball screw model, base table model with nonlinear friction,
pneumatic force, and PD controller. The PD controller was used instead of a PID controller, because only
the effect of the hybrid motor needed to be shown. If a PID controller was used in this case, the stead etror
would convert to zero. Next, the target displacement of the base table was set to be one. Three simulation
models with the same PD controller were simulated. The first simulation projected that the system had a light
load and would not apply a pneumatic force. The second simulation projected that the system had a heavy
load and would not apply a pneumatic force. Lastly, the system with a heavy load and pneumatic force was
simulated. All the results are shown in Fig. 9.

The solid red line in Fig. 9 shows that when the load is light, the base table position quickly converts to
the target position. The rise time was 2 seconds and the setting time 6 seconds. However, the error cannot
convert to zero, because of the PD controller. The dash blue line shows that when the load is heavy, the base
table position cannot convert quickly to the target position, because of the large nonlinear friction and the
limited torque of the DC motor. The dash dark green line shows that when the load is light and the pneumatic
force is applied, the base table position can convert to the target position with the rise time of 1.8 seconds
and a setting time of 5.8 seconds, and zero steady state error. Lastly, the dot dash black line shows that when
the load is heavy and the pneumatic force is applied, the base table position can convert to the target position
with an overshoot of 17 percent, a rise time of 3.3 seconds, a setting time of 8 seconds, and some steady state
error. The steady state error can be reduced by using the PID controller instead of the PD controller. In
summary, the pneumatic force can improve the transient response of the system with a heavy load and help
the base table position convert to the target position.
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Fig. 8. Control diagram of the hybrid motor system.
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Fig. 9. Time response of the system.

Figure 10 shows the time response of the system in the case of a variety of pneumatic force. Since a
pneumatic actuator is used to control force and a DC motor is used to control the motion and position of
the system, if a pneumatic actuator provides under balance load to the system, the transient response of the
system will be slow. Also, if a pneumatic actuator provides over balance load, the position steady state error
will be increased. This affect shows in Fig. 10. Thus, when designing the system, it is necessary to be careful
about the balance load and be ensure that the controller of a pneumatic actuator and a DC motor is match.
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Fig. 10. The time response of the system in the case of a variety of pneumatic force.
4. Experimental Setup and Results

To confirm the performance of the hybrid motor, the developed system is shown in Fig. 11. It consists of a
THK linear slide, THK TSKR S/N AR09B00001, with a @#6x5 mm ball screw and the pneumatic cylinder,
Koganei ORV 16x75-1003W. The base table is mounted on the nut of the ball screw and connected to the
plate of the pneumatic cylinder. Thus, the working distance of the system is 60 millimeters. Then, the linear
slide is derived by a 12-Volt DC motor, Maxon Motor 222524, with an optical encoder, HEDS-5540 C11.
The resolution of the encoders is 500 pulses per revolution. Moreover, the pneumatic cylinder is controlled
by pneumatic control values, SMC SY3120-5LZ-C4, and two solenoid valves, SMC VT307-5GS-01-F.

To control the position of the motor and the pneumatic control values, a control box was designed by a
microcontroller, 86Duino One and a motor driver, VNH5019 motor driver carrier. This controller box also
provides a serial port and a TCP/UDP port for communicating with a computer. Then, a low-level control
is developed on the controller box and a high-level control on the computer. The wiring diagram of the
system is presented in Fig. 12.

The architecture of the system control is shown in Fig. 13. In this case, the standard PID controller was
selected to evaluate the system. Only the signal from the motor encoder sensors were used as feedback to
the controller. To obtain a high-speed control, the control, PID, for the position control of the motor was
designed in the control box (86Duino One). The PID controller is shown in Eq. (4) [29]. Then, with this
control box, the sample rate can be achieved at 1000 Hz. Moreover, the control box can also communicate
with the computer through its UDP port.

e(m) =y(m) —y(n—1)

u(n) = Kye(m) + K " e(k) + Ky(y(m) = y(n = 1) v
k=0

where n is the discrete step at time t, K, K;, K4 are the constant gains, U is the input, e is the measured
error, and y is the measured output.

The PID control was designed to control the motor position, where the motor encoder position was
measured and used to calculate the feedback control. The Ziegler-Nicholes method [29-31] was used as the
online tuning strategy in this case.
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4.1. Experimental Results

Three experiments with the same PID controller were run for the test; the target displacement of the base
table for all experiments was set for 40 millimeters. In the first experiment the system had a 1-kilogram load
(light load) and did not turn on the pneumatic cylinder. In the second experiment the system had a 3-
kilograms load (heavy load) and does not turn on the pneumatic cylinder. Lastly, the system with 3-kilograms
load (heavy load) and the pneumatic force was turned on at different pressure. All results are shown in Fig. 14.

The result of the first experiment is presented by the dash black line on Fig. 14. The rise time was
approximately 0.1 second, the peak 48 millimeters, the overshoot approximately 20 percent, and the setting
time approximately 0.4 second. The steady state error converts to zero because of the PID controller. The
solid black line shows the second experiment result. In this case, the DC motor power could not drive the
base table to the target position easily, due to the load and friction. The rise time in this case was 1.3 second
and the setting time 1.4 second. However, the steady state error could be converted to zero because of the
PID controller.

Lastly, the solid lines with the purple x-marker and numbers are the responses of the third experiment at
different pressures. The number represents the pressure of the pneumatic cylinder. When the pressure was
increased, the rise time of the responses was reduced. For example, when the pressure was 0.5 kg/cm?, the
rise time was about 0.25 second, and the setting time about 0.4 second. When the pressure was more than
1.5 kg/cm?, the rise time was less than 0.2 second. Also, these time responses were similar to the case where
the system had a 1-kilogram load (light load) and the pneumatic cylinder was not turned on. However, when
the pressute rose above 2.5 kg/cm?, it seemed that the pressure was too high and the friction of the system
increased. However, the DC motor power cannot easily drive the base table to the target position. (Note: the
steady state error of all setups converted to zero.)

In summary, the simulation results in Section 3 and the experiment results in Section 4 were congruous.
A hybrid motor with the appropriate pressure of a pneumatic cylinder can be used to improve the
performance of the lift up and press system, because the pneumatic cylinder can supply additional force to
the DC motor to lift up or press the load and reduce the friction of the system. Moreover, the optimum
pressure for this experiment was 1.5 kg/cm? which is represented by the solid green line.

Motor Position (mm)

50

40 | v,

30

20 S

0.5 - = = m = 0 kg without Pneumatics
—— m = 3 kg with Pneumatics ( varies pressure)
10 — )/ 0.0 W  Optimum Pressure (P = 1.5 kg/cm’) withm =3 kg
e Pressure of Pneumatic system(kg/cr)

Motor position

Pneumatic

I 1 I 1 L ! 1 I 1 Time (s)
20

Fig. 14. Comparison of three experiment setup.

5. Conclusions

The developed hybrid motor can improve the performance of the lift up and press system. A pneumatic
actuator was designed to support the heavy load and the DC motor and ball screw were designed to control

the position. The simulation and experimental results show that the developed system improved the rise time,
setting time, and steady state error of the system, because the pneumatic cylinder could supply additional
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force and reduce the friction of the system. The time response of the system with a heavy load was similar
to the time response of the system with a light load. Moreover, the developed hybrid motor technique can
be used to control applications such as the 3D powder painter tank base position, the silicon injection system,
as well as the 3D print head, which is a challenging system due to the high friction in its tube.
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