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Abstract—In the previous study, the flexible pneumatic 

cylinder was proposed and tested as a wearable actuator. 

The flexible robot arm using the cylinder for human wrist 

rehabilitation was also developed. In the next step, it is 

necessary to improve the control performance affected by 

disturbance such as a friction in a cylinder. In this paper, to 

realize a wearable, low-cost and robust control system, the 

position control system of the cylinder using a disturbance 

observer applied into the tiny embedded controller is 

proposed and tested. The position tracking control using the 

proposed system is carried out. As a result, it was confirmed 

that the proposed control scheme achieved 40% 

improvement of the mean absolute error in experiments. 

 
Index Terms—flexible pneumatic cylinder, embedded 

controller, disturbance observer, position control 

 

I.
 

INTRODUCTION
 

Welfare devices are seriously required because of high 

aging society in Japan
 

for improving Quality of Life 

(QOL).
 

In these devices, soft actuators are promising
 

because human friendliness, flexibility,
 

and
 

safety are 

important. We developed a flexible pneumatic
 
cylinder

 
[1]

 
which

 
is a kind of rodless-type cylinders. As an 

application of the developed actuator, a
 

wrist
 

rehabilitation device using the cylinders
 

was proposed
 

and tested [2]-[4]. 
 

The tested
 
device is wearable type and

 
consists of three 

flexible pneumatic cylinders, an embedded controller, an 

accelerometer, six quasi-servo valves, and two acrylic 

stages. Conventional PID control scheme was applied to 

the device. Although the device can trace
 

the desired 

position, there
 
exist

 
vibrations

 
which

 
is not suitable for 

rehabilitation devices.
 
The

 
vibration

 
mainly comes from

 
a 

time-delay
 

depending on friction
 

of the cylinder
 

and 

valves. 
  

In this paper,
 
we apply disturbance observer

 
[5]

 
with 

time-delay
 
compensation and Smith’s compensator

 
into a 

tiny embedded controller in order to attenuate
 
vibrations 

of the device. The disturbance observer was applied to
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various applications, such as force control of robots [6], 

[7] and then its effectiveness has been confirmed. 

However, the disturbance observer has not been used to 

the tiny embedded controller because of low memory, 

low ability for calculation, and its complex hardware 

setting such as timers, A/D converters and serial 

communications.  

To reduce the amount of calculation, a nominal model 

in the disturbance observer is simplified. From 

preliminary experiments, it can be seen that the cylinder 

has relatively large time-delay. To compensate the time-

delay, we propose a novel control system which is a two-

degrees of freedom control system [8] that it combines 

the disturbance observer with consideration of the time-

delay and the Smith’s compensator for the controller.  

II. FLEXIBLE PNEUMATIC CYLINDER 

The construction and movement of the flexible 

pneumatic cylinder which is a primary component in the 

proposed rehabilitation device are shown in Fig. 1 and 

Fig. 2, respectively. The cylinder consists of these main 

parts; a flexible tube as a cylinder, the steel ball as a 

cylinder head, and a slide stage. The slide stage has two 

rollers set on the inner bore of the stage to press and 

deform the tube. The steel ball is held by two slide stages 

from both sides of the ball. When the pressure is supplied 

to one side of the cylinder, the tube is moved forward or 

backward while holding the slide stage. This is a kind of 

rodless-type cylinder. The slide stage can move smoothly 

on the curved cylinder tube. The minimum driving 

pressure of the flexible pneumatic cylinder is 120kPa. 

The frictional force of the cylinder is relatively large, and 

time-delay is longer compared with a typical pneumatic 

cylinder. Therefore, it is necessary to apply a control 

scheme with compensation for frictional force and time-

delay. 

III. DESIGN OF CONTROL SYSTEM WITH TIME-DELEY 

As a control scheme, we apply the two-degrees of 

freedom control system including the disturbance 
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observer with time-delay compensation and the Smith’s 

compensator.   

 

Figure 1.  Construction of flexible pneumatic cylinder. 

 

Figure 2.  Movement of flexible pneumatic cylinder. 

In this paper, the disturbance observer is applied 

because it is not necessary to estimate all state variables 

and it is enough to estimate disturbance. The frictional 

force between the flexible tube and the slide stage is large 

due to a sealing mechanism for preventing leakage flow. 

Thereby, improvement of the control performance can be 

expected by using the disturbance observer. The 

estimated disturbance  td̂  is obtained from a following 

equation. 

           tuesQtysPsQtd Ls
n

  1ˆ                  (1) 

where Q(s) is a transfer function of a filter of the 

disturbance observer which will be designed later, Pn(s) a 

transfer function of a nominal model of the system, u(t) a 

control input, y(t) an output, and L a time-delay. Fig. 3 

shows the block diagram of the disturbance observer 

where d(t) and u’(t) mean disturbance and an external 

input, respectively.  

 

Figure 3.  Block diagram of the disturbance observer. 

From (1), the transfer function from u’(t) to y(t) 

coincides with the transfer function of the nominal model 

Pn(s). 

On the other hand, the Smith’s compensator can be 

widely used to compensate the time-delay. To make the 

compensator work well, the transfer function of the 

system must be known. However, we can use the 

compensator because the transfer function of the system 

is Pn(s) as described above. Fig. 4 shows a block diagram 

of a feedback control system with the Smith’s 

compensator. Notice that r(t) is a desired value, C(s) a 

transfer function of a controller, S(s) a transfer function 

of the Smith’s compensator. 

 

Figure 4.  Block diagram of the Smith’s compensator. 

Choosing  

     Ls
n esPsS  1                    (2) 

leads to  

 
 

   
   1

Ls

n

n e
sPsC

sPsC

sR

sY 


               (3) 

From (3), it is confirmed that the time-delay can be 

removed from the characteristic polynomial.  

Thus, the control system with the disturbance observer 

and the Smith’s compensator can be obtained. Fig. 5 

shows a block diagram of whole feedback control system. 

The control system is used a PID control as a controller. 

 

Figure 1.  Block diagram of the proposed control system. 

In a design of a control system using an embedded 

controller, these hardware setting and programming for 

the controller are required to execute by using in tiny 

memory of controller. In the control system, to reduce 

memory and amount of calculation, the following first 

order transfer function of the nominal model Pn(s), the 

transfer function of the filter Q(s), and the external input 

u’(t) were used. 

 
sT

sP
n

n



1

1
                              (4) 

 
sT

sQ
q


1

1
                             (5) 

       
t

idp τdτeKteKteKtu
0

              (6) 

where Tn is a time constant of the nominal model, Tq a 

time constant of the filter. Tn is 1s and Tq is 0.0025s. 

These discretized equations with sampling period of 5ms 

are given as follows.  

 
995.0

004988.0




z
zPn                             (7) 

 
8187.0

1813.0




z
zQ                           (8) 

         dLkukykykdkd  181.018.390.401ˆ819.0ˆ , 

(9) 
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IV. POSITION CONTROL OF CYLINDER 

Fig. 6 and Fig. 7 show the schematic diagram of 

control system of the flexible pneumatic cylinder and the 

view of the experimental setup of the position control 

system, respectively. The system consists of the flexible 

pneumatic cylinder, an embedded controller (Renesas 

Electronics Corporation, SH7125), a function-generator 

(Teledyne LeCroy Japan Corporation, wave station 2012), 

a wire-type linear potentiometer [9], and four quasi-servo 

valves [10]. The quasi-servo valve consists of two on/off 

type control valve: one is a switching valve for supply/ 

exhaust and the other is a PWM controlled valve for 

adjusting flow rate. The operation of these valves are 

based on the control input u(t). The absolute value of the 

control input u(t) is input duty ratio of the PWM control 

valve, and the sign of the control input u(t) is used to 

drive the switching valve for supply or exhaust. The 

sampling period and PWM period are controlled by using 

integrated timers in the embedded controller. Both are set 

as 5ms.  The output y(t) is detected as A/D value through 

the potentiometer and built-in 10 bit A/D converter. 

In the experiment, the initial position of the cylinder is 

set on the center of the cylinder. In the control, the 

control parameter of PID gains of Kp = 6.0%/mm, Kd = 

2.5%/mm, and Ki = 0.1%/mm were used. These values 

were determined by trial and error.     

 

Figure 2.  Schematic diagram of control system. 

Fig. 8 shows experimental result of position control of 

the cylinder displacement. The desired position with 

frequency of 0.1Hz and the amplitude of 50mm was 

applied. The displacement was measured through serial 

communication port with sampling period of 5ms. In Fig. 

8, broken line and solid line show the reference and the 

output, respectively. From the figure, it can be seen that 

the cylinder displacement can trace the reference very 

well.  In order to confirm the effectiveness of the 

disturbance observer, the position control using typical 

PD control scheme was also executed and Fig. 9 shows 

the result. In the experiment, the control parameter of Kp 

= 3.5%/mm and Kd = 2.5%/mm were used. It can be 

found that a lager oscillation was occurred compared with 

the case using the proposed controller.  As a result, it was 

confirmed that the disturbance could be compensated by 

the proposed controller. The mean absolute error was 

improved 40% compared with the result using the typical 

PD controller.   

 

 

Figure 1.  Experimental setup of position control. 

 

Figure 2.  Position control of cylinder using proposed controller. 

 

Figure 3.  Position control using typical PD control scheme. 

V. CONCLUSIONS 

In order to realize a wearable, low-cost and robust 

control system, the position control system of the cylinder 

using a disturbance observer applied into the tiny 

embedded controller was proposed and tested. To 

compensate the time-delay of the system, PID controller 

that combines the disturbance observer with 

consideration of the time-delay and the Smith’s 

compensator was also applied to the system. The design 

that includes both proposed control scheme and hardware 

setting of the tiny embedded controller was executed. The 

position tracking control using the proposed system was 

    (10) 
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also carried out. As a result, it can be confirmed that the 

proposed control scheme improved the control 

performance of 40% of the mean absolute error compared 

with typical PD control scheme. 
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