International Journal of Mechanical Engineering and Robotics Research Vol. 8, No. 4, July 2019

Displacement Control of Flexible Pneumatic
Cylinder Using Disturbance Observer and Smith
Compensator

Wataru Kobayashi, Shujiro Dohta, Tetsuya Akagi, Yusuke Miyamoto and Naoki Kato
Okayama University of Science, Okayama, Japan
Email: {kobayashi, dohta, akagi}@are.ous.ac.jp, {t14r045my, t16rm02kn}@ous.jp

Kazuhisa Ito
Shibaura Institute of Technology, Saitama, Japan
Email:kazu-ito@shibaura-it.ac.jp

Abstract—This study is concerned with flexible pneumatic
cylinder. The cylinder can be used in the various fields such
as life support, medical, welfare systems which require light-
weight, high flexibility, and high cleanliness. However, the
control of the cylinder is insufficient and then it is needed to
improve its control performance for widening of
applications of the cylinder. Therefore, we propose
combination of disturbance observer, which has a function
of model matching, and Smith compensator, which
compensates time delay of the system, with conventional Pl
control. To evaluate the control performance of the
proposed control, some experiments are carried out. As a
result, it is confirmed that the control performance of the
proposed control can be drastically improved. In particular,
it can be seen that the proposed control is effective for time
delay of the system. The flexible cylinder with the proposed
control scheme will be used in rehabilitation devices in
practice.

Index Terms—flexible pneumatic cylinder, disturbance
observer, Smith compensator, displacement control, time
delay

I.  INTRODUCTION

A cylinder is one of important actuators driven by fluid
power systems such as oil hydraulic, water hydraulic, and
pneumatic systems. Generally, it has high stiffness and is
used in industrial machines. On the other hand, when it is
used in life support, medical, and welfare systems which
require light-weight, high flexibility, and also high
cleanliness, it is difficult to use such a typical cylinder.
Thereby we proposed a novel flexible cylinder [1]. The
cylinder can drive flexibly because it consists of a
flexible tube as a rod, steel balls, end connectors, and a
slide stage. The detail is described in Chap. 1II.

However, the cylinder has a problem to be solved. The
problem is that its control performance is low because of
its nonlinearity caused by relatively high frictional force
between the inner steel ball and the tube. For such a
reason, the cylinder cannot be applied when high
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accuracy is required. Although a low friction type flexible
cylinder was proposed, it has not achieved sufficient
control performance [2, 3]. Therefore, we focus on
improvement by application of model based control
theory. Specifically, disturbance observer [4] and Smith
compensator [5] are applied.

If disturbance observer can be used, the control
performance of the cylinder is improved because the
observer can reduce influence of frictional force.
Nevertheless, it’s not sufficient. The cylinder has
relatively large time delay and it strongly relates the
control performance of the cylinder. As a compensation
of the time delay, Smith compensator is applied. We can
design its parameters easily by combing the disturbance
observer. The observer has a function of model matching
which is able to make the plant match a reference model.
In other words, an unknown system can also be regarded
as a known system corresponding the reference model.
Thus the cylinder, which is an unknown system, can be
regarded a known system even if it has many unknown
parameters such as frictional force and time delay.
Although the design of Smith compensator generally
requires a precise known system, the observer can make
the application of the compensator be possible.

On the other hand, conventional PI control is applied
for the displacement control of the cylinder. The
application of Pl control is reasonable because the
cylinder can be transformed from an unknown complex
system into a known simple system by disturbance
observer and Smith compensator. Its control performance
is examined by experiments of displacement control of
the cylinder.

In Chap. 1II, a construction and an operation principle
of the flexible cylinder are described. In addition, the
advantages and disadvantages of the cylinder are also
shown. In Chap. III, detail of disturbance observer, Smith
compensator, and proposed control scheme are described.
In particular, derivation and fundamental principles of the
observer and the compensator are described. Moreover,
whole block diagram of the proposed controller is
introduced. In Chap. [V, experimental results of
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displacement control of the cylinder are shown and then
the control performance of the proposed control is
compared with conventional PI control by quantitative
analysis. It is confirmed that disturbance observer and
Smith compensator can work correctly.

This chapter shows the construction and the operation
principle of the flexible pneumatic cylinder as shown in
Fig. 1. The cylinder consists of a flexible rubber tube,
steel balls (diameters of 9 mm and 3 mm), a slide stage
which is made of acrylic plates. The large steel ball is
inside of the rubber tube and it is moved by pressurized
air. The slide stage has two brass rollers and the small
steel balls to hold the steel ball inside of the tube. This
means that the slide stage and the inner ball can be moved
simultaneously by pressurized air from both sides. Fig. 2
shows the developed flexible cylinder.

The cylinder has advantages which are light-weight,
high flexibility and backdrivability because the main
parts of the cylinder are the flexible rubber tube and the
acrylic parts. They are very important to use the cylinder
in life support, medical, and welfare systems. However,
the cylinder has problems which are relatively large
frictional force and time delay and this leads to
degradation of the cylinder control performance. In fact,
although the cylinder is applied for rehabilitation device,
the result of the sufficient control performance couldn’t
be achieved.

FLEXIBLE PNEUMATIC CYLINDER

Brass roller
(P4mm)

Steel ball

) O
O %
Steel balls | Supply
: (Smm) : pressure
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Figure 1. Construction of flexible pneumatic cylinder.
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Figure 2. Proposed flexible pneumatic cylinder [1].

This chapter describes important functions
disturbance observer and Smith compensator.

PROPOSED CONTROLLER
of
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A. Disturbance Observer

It is assumed that u(t), y(t), d(t), and P(s) in Fig. 3 are
an input signal, an output signal, disturbance, and a
transfer function of a plant, respectively. Then, following
equation is obtained as

Y(s)=P(s){U(s)+D(s)}. @

When disturbance observer, which is a minimal
dimension observer estimating disturbance d(t), is applied
to this system, estimated disturbance is expressed as

D(s) =Q(s)P, ()Y (5)-QU(s),  (2)

where Q(s) is a disturbance observer filter, P,(s) is a
transfer function of a reference model [6]. Fig. 3 shows a
block diagram of disturbance observer.

w'(n+  ull)

Tyt

(1)
O(s)

Figure 3. Block diagram of disturbance observer.
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In Fig. 3, transfer functions from an external input «’(t) to
an output y(t) and from disturbance d(t) to y(t) are shown
as

Y(s) _ P(s)
U'(s) 1-Q(s)+Q(s)P, (s)P(s) |

Y(s) _ PE-Q)
D(s) 1-Q(s)+Q(s)P; (s)P(s)

respectively. Essentially, Q(s) acts as a low-pass filter
and then it is seen that Q(s) is equivalent to 1 when
frequency of the input is less than the cutoff frequency of
Q(s). It means that the transfer function from disturbance
d(t) to the output y(t) is zero in (4), that is, disturbance
has no affection on the output. In the same way, the
transfer function from u’(t) to y(t) corresponds to the
reference model P,(s) when frequency of the input is less
than the cutoff frequency of Q(s). It is the important
function of disturbance observer which is called model
matching. Note that the filter Q(s) has roles which decide
stability, robustness, and noise reduction.

(4)

B. Smith Compensator

Generally, time delay may degrade stability and
control performance of systems. For instance, time delay-
to-time constant ratio strongly relates to difficulty of
control in first order systems [7]. It is important to
compensate time delay and Smith compensator is a well-
known and effective method to improve. Fig. 4 shows a
block diagram of Smith compensator. In Fig. 4, r(t), y(t),
C(s), S(s), L are reference signal, output signal, transfer
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function of controller, transfer function of Smith
compensator, time delay of the plant, respectively.
u'(t)

r(t) + y(t)

Figure 4. Block diagram of Smith compensator.

Smith compensator can compensate the time delay of
the plant by separating the time delay from the control
system. However, if the transfer function S(s) cannot be
selected correctly, the compensator cannot work well.
Theoretically, S(s) is derived from a following equation

[8].
S(s) =P, (s){e"* —1f. )

From the view point of the block diagram, the time delay
can be removed from control loop by using (5) as shown
in Fig. 5. Thus, it is found that the control performance of
plant with time delay can be improved by using Smith

compensator.
"o { o f—{ro L P

Figure 5. Equivalent block diagram of Smith compensator.

C. Proposed Control

A combination of disturbance observer, which has
functions of disturbance reduction and model matching,
and Smith compensator, which compensates the time
delay, is applied to the flexible cylinder as shown in Fig.
6. Typical PI control is also applied to the cylinder as a
control scheme. Although the PI control has simple
structure and low robustness, it is sufficient to apply the
control scheme to the cylinder because the transfer
function of the cylinder can match the reference model by
model matching and the time delay of the cylinder can be
ignored by Smith compensator.

On the other hand, the displacement control system of
the cylinder includes an integrator in general. It means
that the reference model should be selected as an unstable
model and it should be avoided. We apply disturbance
observer to the velocity control system of the cylinder
which is a stable system without the integrator and then
design a feedback control system, which consists of the
Pl controller and Smith compensator, for displacement

control of the cylinder.
dlr)
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Smith Compensator
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Figure 6. Block diagram of proposed control system.
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IV. EXPERIMENT OF DISPLACEMENT CONTROL

To evaluate of the control performance of the proposed
control scheme for displacement control of the flexible
cylinder, experiments of displacement control of the
cylinder is carried out. First, experimental setup and
conditions are described. Then, experimental results
under no-load condition are shown.

A. Experimental Setup and Conditions

In this section, the experimental setup and conditions
are described. Fig. 7 and Fig. 8 show the schematic
diagram of the control system for displacement control of
the cylinder and the experimental setup for displacement
control, respectively. The system consists of the flexible
cylinder, two on/off valves SV; .4 SV, (Koganei
Corporation, GO10E1), a proportional valve PV (Koganei
Corporation, KFPV300-2-60-FM-S13-03), a wire type
encoder WLE (MUTOH INDUSTRIES LTD., DS-025),
two regulated DC power supplies (Takasago Ltd, LX035-
1A), a compressor (NAKATOMI Corporation, cp-2000)
and a PC with dSPACE which is a well-known model-

based development tool for Hardware-in-the-Loop
simulation [9].
[ e ol A o
— -
PV_fl | o
0 : =
“'El_ <HH WLEI K'b
Flexible cylinder H
? SV, = sV,

+—3
Figure 8. Experimental setup of the displacement control.

A whole transfer function from r(t) to y(t) including
the proposed controller can be obtained as (6) because the
time delay e™ can be moved to outside of the control
loop using Smith compensator. Therefore, taking a
consideration of only the dynamics of the whole system,
we can design reference trajectory of the displacement
control of the cylinder.

Kp k:
Y(@s) _ 15° 15 s, (6)
k _
RO 3,002, 0 g ki
157 15
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where k; is a proportional gain, k; is an integral gain.

In the experiments, the following first-order transfer
function of the reference model P,(s) and the transfer
function of the filter Q(s) are used.

2
Ps)=o5 )
107z
(s)= s+107 ®

Note that it is reasonable to use the first-order transfer
functions because the cylinder has an integrator in the
transfer function from u(t) to y(t) and then the disturbance
observer is designed for the velocity feedback system.
The time constants of P.(s) and Q(s) are chosen by
considering the dynamics of the cylinder which is
examined by pre-experiment.

The initial position of the slide stage is seted on the
center of the cylinder. In the proposed control, the
designed parameters of Pl gains k, = 45 V/m, k; = 15
V/(m.s) are used. The time delay L is chosen to 0.15 s by
pre-experiment of step response of the cylinder. The
supply pressure for the system is 400 kPa and the
sampling period of the experiment is 0.001 s.

The transfer function of the system can be expressed as

Y(s) 3s+1

—0.15s
- -€ ] (9)
R(s) s®+2s%2+3s+1

and then the bode diagram is shown in Fig. 9.
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Figure 9. Bode diagram of whole system.

The reference trajectory is designed from Fig. 9 taking
consideration of the dynamics of the system.

B. Experimental Result of Model Matching

It is important that the system is matched the reference
model by using disturbance observer to improve its
control performance. Then, in this section, experiment of
model matching is carried out. As mentioned in Chap. III,
when input frequency is less than the cutoff frequency of
Q(s), the transfer function of the system can be equivalent
to the reference model P,(s). In the experiment, it is
confirmed that the system matches Pn(s) by input «’(t) as
sine wave. Fig. 10 shows the experimental result of
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model matching. From Fig. 10, it is seen that the output
signal of the system matches the model and then the
disturbance observer works well.
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Figure 10. Experimental result of model matching.

However, there remains error between model and
system outputs. This error may be caused by the low-pass
filter for measured velocity from the encoder which is
designed to decease observed noise of the encoder.

C. Experimental Result of Displacement Control

As the model matching can work well in the previous
section, the experiment of the displacement control by the
proposed controller is carried out. Fig. 11 shows
experimental result of the proposed control with reference
frequency of 0.1 Hz. Note that the figure includes the
experimental result of the conventional PI control and the
reference is based on (9) which considers the dynamics of
the whole system. Compared with the result of the PI
control, it is shown that the control performance of the
proposed control is improved. Fig. 12 shows the
experimental result of the proposed control with reference
frequency of 0.3 Hz. Notice that the amplitude of the
reference signal and the Pl gains are same as previous.
Although the experimental result of the PI control is
degraded by changing of frequency of the reference
signal, the result of the proposed control is kept
comparable accuracy with previous one. In particular, the
proposed control is effective for the time delay of the
system.
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Figure 11. Experiment result of displacement control with reference
frequency of 0.1 Hz.
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Figure 12. Experiment result of displacement control with reference
frequency of 0.3 Hz.
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On the other hand, experiments are carried out to
confirm the effectiveness of Smith compensator for time
delay. The experiments apply the proposed control
scheme without Smith compensator and then the
experimental results are compared with the proposed
control scheme as shown above. Figs. 13, 14 show
experimental results of the proposed control without
Smith compensator with reference frequency of 0.1 and

0.3 Hz.
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Figure 13. Experiment result of displacement control without Smith
compensator (reference frequency: 0.1 Hz)
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Figure 14. Experiment result of displacement control without Smith
compensator (reference frequency: 0.3 Hz)

Table | shows quantitative evaluation of three control
schemes. For reference frequency of 0.1 Hz, the mean
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absolute error of the proposed control can be reduced by
85.7% compared with the error of the PI control.
Similarly, the error of the proposed control can be
reduced by 96.4% for 0.3 Hz. On the other hand,
compared with Pl control scheme with disturbance
observer, which is equivalent to the proposed control
scheme without Smith compensator, the proposed control
scheme can reduce the error by 72.2% (0.1 Hz), 91.1%
(0.3 Hz), respectively. Therefore, it is shown that the time
delay cannot be compensated adequately by PI control
scheme with disturbance observer and the effectiveness
of the proposed control scheme is verified.

TABLE I. COMPARATIVE ANALYSIS OF MEAN ABSOLUTE ERROR
Frequency of reference signal
0.1 Hz 0.3 Hz

g P1 control 22.3mm 47.8 mm

(<5

E] P1 control with

=z . 11.5 mm 19.0 mm

S disturbance observer

c

o

© Proposed control 3.2mm 1.7mm

V. CONCLUSIONS

In this paper, the improvement of the control
performance of the flexible cylinder is considered. The
control performance of the cylinder is low by relatively
large frictional force and time delay. As the control
scheme of the flexible cylinder, Pl control with
disturbance observer which compensates frictional force
of the cylinder and Smith compensator which
compensates time delay of the cylinder is proposed.

The control performance of the cylinder with the
proposed control is confirmed by experimental results of
the displacement control. The reference frequency of 0.1
and 0.3 Hz is given into the system. As a result, the mean
absolute error of displacement can be reduced by 85.7%
for the reference of 0.1 Hz. On the other hand, the mean
absolute error of displacement can be reduced by 96.4%
for the reference of 0.3 Hz compared to only PI control.
The effectiveness of Smith compensator is confirmed by
the comparative result of the proposed control scheme
and PI control scheme with only the disturbance observer.
As a result, mean absolute error can be reduced 72.2% for
reference frequency of 0.1 Hz and 91.1% for reference
frequency of 0.3 Hz. Thus, it is confirmed that the
system with the proposed control scheme has high control
performance regardless of reference input frequency.

As future work, the robustness of the system is
examined by experiments under loaded conditions.
Moreover, the flexible cylinder is applied to rehabilitation
devices and then the control performance of whole
system is evaluated in practice.

ACKNOWLEDGMENT

This research was supported by the MEXT in Japan
through a Financial Assistance Program for QOL
Innovative Research (2012-2016) and a Grant-in-Aid for



International Journal of Mechanical Engineering and Robotics Research Vol. 8, No. 4, July 2019

Scientific Research (C) (Subject No. 24560315 &
16K06202).

REFERENCES
[1] T. Akagi and S. Dohta, “Development of a rodless type flexible
pneumatic cylinder and its application,” Transactions on Robotics
and Automation of the JSME (C), Japan, vol. 73, no. 731, pp.
2108-2114, 2007.
N. Kato, et al., “Position control of flexible pneumatic cylinder
using tiny embedded controller with disturbance observer,”
International Journal of Mechanical Engineering and Robotics
Research vol. 6, no. 4, 2017.
Akagi, Tetsuya, et al., "Low-cost wearable rehabilitation devices
using flexible pneumatic cylinder with built-in pneumatic driving
system," in Proc. (AIM), 2016 IEEE International Conference on
Advanced Intelligent Mechatronics, IEEE, 2016.

[2]

(3]

[4] L. Yang, Y. Shi, and R. Burton, "Modeling and robust discrete-
time sliding-mode control design for a fluid power
electrohydraulic actuator (EHA) system," IEEE/ASME

Transactions on Mechatronics, vol. 18, no. 1, pp.1-10, 2013.

Z. Palmor, "Stability properties of Smith dead-time compensator
controllers," International Journal of Control, vol. 32, no. 6, pp.
937-949, 1980.

K. Tto, et al., “Robust control of water hydraulic servo motor
system using sliding mode control with disturbance observer,”
2006 SICE-ICASE International Joint Conference. IEEE, 2006.

S. Y. Chu, et al. "Time-delay effect and compensation on direct
output feedback controlled mass damper systems," Earthquake
Engineering & Structural Dynamics, "vol. 31, no. 1, pp. 121-137,
2002.

Sivaselvan, V. Mettupalayam, et al. "Dynamic force control with
hydraulic actuators using added compliance and displacement
compensation," Earthquake Engineering & Structural Dynamics,
vol, 37, no. 15, pp. 1785-1800, 2008.

M. Karpenko and N. Sepehri, “Hardware-in-the-loop simulator for
research on fault tolerant control of electrohydraulic actuators in a
flight control application,” Mechatronics, vol. 19, no. 7, pp. 1067-
1077, 2009.

[5]

(6]

[7]

(8]

(]

Wataru Kobayashi is currently an assistant
professor of Department of Intelligent
Mechanical Engineering, Okayama University
of Science, Japan. He received his doctor
degree in Engineering from Shibaura Institute
of Technology in 2015. His research interests
are robust control theory and aqua drive system;
especially rehabilitation and life support
systems. He is a member of The Japan Society
of Mechanical Engineers, The Society of
Instrument and Control Engineers, The Japan

Society, and The Society of Life Support

Fluid Power System
Engineering.

Shujiro Dohta is currently a professor of
Department of Intelligent Mechanical
Engineering, Okayama University of Science,
Japan. He is also currently a Vice-president of
Okayama University of Science. He joined
Okayama University of Science as a research
associate on 1974. Then, he became an
Exchange Faculty of Wright State University,
U.S.A. from 1984 to 1985. He received his
doctor degree in Engineering from Kobe University in 1990. His major
in mechatronics is focusing on the development of robotics, wearable

© 2019 Int. J. Mech. Eng. Rob. Res

599

devices for rehabilitation purpose. Prof. Shujiro Dohta is currently a
member of The Japan Society of Mechanical Engineers (JSME), The
Society of Instrument and Control Engineers (SICE), The Robotics
Society of Japan (RSJ), and The Japan Fluid Power System Society
(JFPS).

Tetsuya Akagi is currently a professor of
Department  of Intelligent ~ Mechanical
Engineering, Okayama University of Science,
Japan. He received his doctor degree in
Engineering from Okayama University of
Science in 1998. He started at Tsuyama
National College of Technology, Japan as a
research associate on 1998. Then, he joined
Okayama University of Science as a lecturer

/ >/ from 2005. He received Young Scientists' Prize
from Mlnlstry of Education, Culture, Sports, Science and Technology
(MEXT) in Japan. His research interests include mechatronics and
robotics; especially wearable control systems using microcomputers and
wearable control devices such as flexible pneumatic actuator, soft
sensor and wearable control valve.

Kazuhisa Ito is currently a full professor at the
Department of Machinery and Control Systems,
Shibaura Institute of Technology. He received
his B.E. (1993), M.E. (1995), and D.E. (2001)
degrees in Mechanical Engineering from
Sophia  University, JAPAN. His current
research interests include controller design for
nonlinear systems and its application to
mechanical systems; especially control/ energy
saving performance improvement of aqua drive
system and agrlculture engineering. He is a member of The Japan Fluid
Power System Society, The Society of Instrument and Control
Engineers, and Japanese Society of Agricultural, Biological and
Environment Engineers and Scientists.

Yusuke Miyamoto, bachelor student, studies in
Okayama University of Science since 2014. His
research topics are focused on displacement
control of flexible cylinder.

Naoki Kato, master student, studies in
Okayama University of Science since 2016.
His research topics are focused on
development of wearable rehabilitation device
using soft pneumatic actuator.





