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Abstract

This article models a pneumatic force-feedback system consisting of the double-acting cylinder and a set of high-speed on–off valves,
and its fuzzy controller in order to provide an insight into pneumatic system design and force-feedback control requirements of the Arm-
Exoskeleton, which is applied in robot-teleoperation and robotics. In modeling, effects of nonlinear flow through the valves, air com-
pressibility in cylinder chambers, and time delay and attenuation of the pressure input in the connecting tubes are considered. Based
on this mathematical model, the hybrid fuzzy control method for the precise force-feedback control is proposed and the fuzzy controllers
are realized with the Mega8 MCUs as the units of the distributed control system in the Arm-Exoskeleton. At last a series of experiments
validated the models and control method.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The Arm-Exoskeletons with force-feedback have been
widely designed and used in the fields of robot teleopera-
tion, haptic interface to enhance the performance of the
human operator, also in the exciting applications in surgery
planning, personnel training, and physical rehabilitation.
These all need a high-performance force actuator. Over
the traditional geared servo-electrical motors, the pneu-
matic actuators have significant advantages in terms of tor-
que-to-mass ratio and its ability to produce high-static
forces without overheat dissipating system, which is an
important requirement for robot teleoperation and haptic
interfaces [1]. We believe that the pneumatic actuators
are the ideal force actuator in our Arm-Exoskeleton,
ZJUESA. The ZJUESA Arm-Exoskeleton with 6 DOF is
designed for the robot manipulator master/slave control,
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which is used under water. It requires lightweight, good
manipulation character, especially clearance.

However, the position and force control of these actua-
tors in applications that require high-bandwidth are some-
what difficult, because of the compressibility of air and its
effect both on the actuators and valves [2]. Besides, the highly
nonlinear flow through pneumatic system components, and
the pressure dropping and time-delay along the connecting
tube also result in the control errors. In this paper, we ana-
lyze the dynamic behavior of the pneumatic cylinders and
high-speed on–off valves, and then build the simple and pre-
cise mathematical model of them. According to the given
models, a hybrid fuzzy controller is implemented by sets of
Mega8 MCUs as the units of the distributed control system
for our pneumatic force-feedback system.

The article is arranged such that we present a technical
overview of the ZJUESA Arm-Exoskeleton system in Sec-
tion 2. Then we describe the mathematical models of the
elements in the pneumatic system in Section 3 and fuzzy
controller design in Section 4. Consequently, the results
of the experiments and their analysis are presented in Sec-
tion 5, followed by discussions and conclusions.
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Fig. 2. The schematic diagram of the entire system.
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2. Relative works

Presence in the unstructured environment, the master/
slave robot teleoperaion plays an important role between
the operator and the machine. Since the pioneering work
of Goertz [3], a number of similar system and schemes have
been proposed. In the teleoperation conditions it is found
that the force-feedback can give the operator a fidelity feel-
ing of the manipulating, what increases the performance
significantly with all measures and reduces spending time.
Also the manipulating accuracy is always improved as
opposed to only visual or sound feedback.

Since the force-feedback is introduced into the teleoper-
ation, the type of the force actuator has been a hotspot in
research. The force actuators can be categorized into fol-
lowing series: servo-electrical motor, hydraulic actuator,
pneumatic actuator including artificial muscle, electror-
heological fluid and other new types of actuators [4–8].
Among them, the pneumatic actuators have significant
advantages over the electrical-servo motors in terms of tor-
que-to-mass ratio and their ability to produce high-static
forces without overheating, and have lightweight and clear-
ance merits relative to the hydraulic actuators. Jeong et al.
[5] based on the human joint anatomy and introduced the
3RPS parallel mechanism into the exoskeleton-type master
arm with pneumatic actuators at the shoulder and wrist
multi-degrees joint. We follow this concept and design an
Exoskeleton-Arm, ZJUESA, as shown in Fig. 1, for the
Schilling underwater master/slave robot manipulation
[14]. Fig. 2 explains the schematic diagram of the entire
system. The hexagons represent the six key components
of the Schilling Robot master/slave control system with
its Exoskeleton-Arm Manipulator. The oranges represent
the master manipulator system and the blues are slave
robot system. The Internet or Ethernet acts as the bridge
between these two sides.

However, most of the pneumatic force and position con-
trol problems source from the air compressibility and its
effect on both the actuators and valves. Due to these diffi-
culties, early use of pneumatic actuators was limited to sim-
ple applications where position only required at the two
ends of a stroke. In the last decade, with more accuracy
mathematical models for the thermodynamic and flow
equations in the charging/discharging processes [2,11],
Fig. 1. The Exoskeleton-Arm, ZJUE
and the intelligent controller developing, nonlinear control
techniques were implemented by using digital computers.
Bobrow and Jabbari used adaptive control for force actu-
ation and trajectory tracking, applied to an air-powered
robot [9]. But the mathematical models used in these
controllers assumed no piston seals friction, linear flow
through the valve, and neglected the valve dynamics.
Ben-Dov and Salcudean developed a force-controlled
pneumatic actuator that provided a force with amplitude
of 2 N at 16 Hz [10]. Kaitwanidvilai and Parnichkun
applied the hybrid adaptive neuro-fuzzy model for the
force control, Bang–bang method for the case in which
the actual output is far away from the set point, while
the hybrid ANFMRC is applied in medium and small error
ranges to perform a good response [13]. In addition, the
stability of the pneumatic system with the symmetric valve
controlled double-acting cylinder is concentrated [20,21].
Unfortunately many of these systems, though successful,
use expensive proportional servo valves and pressure sen-
sor feedback loops and the external loads are also assumed
to be constant or slowly varying.

In this paper, a hybrid fuzzy controller was designed
and the pneumatic force control was implemented, based
on the pneumatic cylinder and valve thermodynamic and
flow mathematic models with the considering of time
delay and attenuation influence along the tube line. Then
several experiments were fulfilled and the results were
compared with ones obtained by numerical simulation in
MATLAB.
SA, and the schilling slave robot.
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3. Model of the force-feedback pneumatic system

A typical pneumatic system consists of force elements
(the pneumatic cylinders or motors), commanding devices
(valves), connecting tubes, and sensors of position, pressure
and force. Fig. 3 shows the scheme of one of the on–off
valve-cylinder systems in the ZJUESA. There are total 7
sets of the pneumatic control system, which are independent
of each other and work for each actuator respectively.

The high-speed on–off valves, working as the command
components in the system, are controlled by the PWM
(pulse width modification) signal from the control unit.
Rather than the proportional or servo valve, this is an inex-
pensive and widely used method in the application of posi-
tion and force control in the pneumatic system [13,16–18]
with higher frequency response and simpler control circuit.
To simplify the control algorithm, there is just one valve on
work in any time. For instance, when a leftward force is
wanted, the valve V1 works and valve V2 is out of work.
We can control the pressure P1 in the chamber 1 by mod-
ifying the PWM signals. The chamber 2 connects to the
atmosphere at that time and the pressure P2 inside the
chamber 2 of cylinder is absolute ambient pressure, and
vice versa. At each port of the cylinder, there is a pressure
sensor to detect the pressure value inside the chamber for
the close-loop control. And the throttle valves are equipped
for limiting the flow out of the chamber to reduce piston
vibrations.
3.1. Cylinder chamber model

As to the charging and discharging process, several
models have been put forward. For each model, it is always
assumed that:
Fig. 3. Schematic representation of the pneumatic cylinder-valve system
of the ZJUESA.
• air is the ideal gas;
• the pressure and temperature is homogeneous within the

chamber;
• kinetic and potential energy terms are taken out of

consideration.

Al-Ibrahim and Otis found experimentally that the tem-
perature inside the chambers lays between the theoretical
adiabatic and isothermal curves. The experimental values
of the temperature were close to the adiabatic curve only
for the charging process. For the discharging of the cham-
ber the isothermal assumption was closer to the measured
values [12]. In this article we start from this viewpoint.

In general, the model for a volume of gas contains three
basic equations: (1) ideal gas law; (2) the conservation
of mass equation or continuity equation; (3) the energy
equation.

P ¼ qRT ;

_m ¼ d
dt ðPV Þ;

qin � qout þ kCvð _minT in � _moutT Þ � _W ¼ _U ;

8><
>: ð1Þ

where, R is the ideal gas constant; _min and _mout are the mass
flow entering and leaving the chamber; qinand qout are the
heat transfer; k is the heat ratio; Cv is the heat at constant
volume; Tin is the temperature of the air entering the cham-
ber and T is atmosphere temperature, here we assume
T in ¼ T ; _W is the rate of the change in the work and _U is
the change of internal energy, which can be expressed as
following:

_U ¼ d

dt
ðCvmT Þ: ð2Þ

Now substitute _W ¼ P _V and Cv ¼ R=ðk � 1Þ into Eqs.
(1) and (2):

qin � qout þ
k

k � 1

R
qT
ð _minT � _moutT Þ �

k
k � 1

P _V

¼ 1

k � 1
V _P : ð3Þ

Eq. (3) can be simplified by different heat transfer term.
If the charging process is considered as adiabatic, i.e.,
qin � qout ¼ 0,

_P ¼ k
RT
V
ð _min � _moutÞ � k

P
V

_V ð4Þ

While the discharging process is regarded as isothermal,
i.e., T = constant,

_P ¼ RT
V
ð _min � _moutÞ �

P
V

_V : ð5Þ

Note that Eqs. (3) and (4) is just different from the spe-
cific heat ratio term k. Thus according to both equations,
the common process between charging and discharging
processes can be expressed as:

_P ¼ RT
V
ðain _min � aout _moutÞ � a

P
V

_V ; ð6Þ



Fig. 5. The on–off characteristic of the on–off valve.
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with ain, aout and a taking values between 1 and k, depend-
ing on the actual heat transfer during the process. Here,
ain ¼ 1 and aout ¼ k ¼ 1:4, namely we consider charging
process is absolute adiabatic while discharging is isother-
mal, and a = 1.2 [12].

3.2. The mathematic model of on–off valve

In the pneumatic system, the valve is the command com-
ponent and there are many different types of valves by the
geometry of the orifice, the flow regulating and so on. Here
our model is just restricted to the on–off spool valve. We
choose the MHP2-MS1H high-speed on–off valve of Festo
Inc. with up to 500 Hz on–off frequency, as Fig. 4 shown. It
is convenient to realize the position or force servo control
through the variable PWM signals.

The on–off valve character is always described by the on
and off time character, as it has only on and off two states.
Assuming that the spool displacement changes linearly
during the on and off process, thus the on-time ton is com-
posed of armature picking up time t1 and spool responding
time t2, namely ton ¼ t1 þ t2; instead the off-time toff is com-
posed of armature taking down time t3 and spool releasing
time t4, namely toff ¼ t3 þ t4. So the on–off characteristic of
the valve is:

X i ¼

0

t 2 ½ði� tÞT c; ði� 1ÞT c þ t1�
X m

t2
½t � ði� 1ÞT c � t1�
t 2 ½ði� tÞT c þ t1; ði� 1ÞT c þ t1 þ t2�

X m

t 2 ½ði� tÞT c þ t1 þ t2; ði� 1ÞT c þ tp þ t3�
� X m

t4
½t � ði� 1ÞT c � tp � t3 � t4�

t 2 ½ði� tÞT c þ tp þ t3; ði� 1ÞT c þ tp þ t3 þ t4�
0

t 2 ½ði� tÞT c þ tp þ t3 þ t4; iT c�;

8>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>:

ð7Þ
where, Xi – the spool displacement; Xm – the spool maxi-
mum displacement; Tc – period of PWM signal; tp – the
width of the high-voltage in one PWM period. Fig. 5 de-
picts the on–off characteristic of the valve intuitionally
and ton and toff in one PWM period.
Fig. 4. The MHP2-MS1H high-speed on–off valve of Festo Inc.
The possible flow patterns in the valve can be catego-
rized depending on the ratio of upstream pressure to down-
stream pressure [11]. The standard equation for the mass
flow through an orifice of area Av is:

_mv ¼
Cf AvC1

P uffiffiffi
T
p if P d

P u
6 P cr

Cf AvC2
P uffiffiffi

T
p P d

P u

� �1=k
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� P d

P u

� �ðk�1Þ=k
r

if P d

P u
> P cr;

8><
>:

ð8Þ

where, _mv is the flow through the valve orifice, Cf the coef-
ficient of flow, Pu the upstream pressure, Pd the down-
stream pressure, and

C1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k
R

2

k þ 1

� �kþ1
k�1

s
; C2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k
R

2

k � 1

� �s
;

P cr ¼
2

k þ 1

� � k
k�1

: ð9Þ

According to the load, the valve spool dynamic expres-
sion is:

M €X þ B _X þ KX þ F r þ F l ¼ P 1A1 � P 2A2 � P aðA1 � A2Þ;
ð10Þ

in which M is the mass of the load, B is the damp coeffi-
cient, K is spring constant, Fr is the friction force, Fl is
the load force and Pa is the pressure of atmosphere. P1,
P2 and A1, A2 are shown in Fig. 3.

3.3. Connecting tube model

The Arm-Exoskeleton, ZJUESA is designed as a wear-
able master arm for the robot manipulator teleoperation
with the force-feedback. Due to design and weight consid-
erations, the on–off valves are positioned at relatively large
distance from the pneumatic cylinders. Thus, the effects of
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time delay and attenuation of pressure input due to the
connecting tubes become significant. Thus in our force-
feedback system model, we also pay attention to the effect
of the connecting tubes.

The two basic equations governing the flow in a circular
pneumatic line are derived as,

oP
os
¼ �Rtu� q

ou
ot
; ð11Þ

ou
os
¼ � 1

qc2

oP
ot
; ð12Þ

where, P is the pressure along the tube, u is the flow veloc-
ity in the tube, c is the sound velocity, s is the tube axis
coordinate, Rt is the resistance between the air flow and
the tube. It can be calculated as:

Rt ¼
32l
D2 if laminar flow;
0:158l

D2 Re3=4 if turbulent flow;

(
ð13Þ

where, l is the dynamic viscosity of the air, Re is Reynolds
number, D is the inner diameter of the tube.

Part differentiating Eq. (11) with t and Eq. (12) with s

respectively, the equation for the mass flow can be rewrit-
ten as,

o
2 _mt

ot2
� c2 o

2 _mt

os2
þ Rto _mt

qot
¼ 0: ð14Þ

It is the general wave equation. With the certain initial
and boundary condition, we can solve it and get the follow-
ing solution:

_mtðLt; tÞ ¼
0 if t < Lt=c;

e�
RtRT

2P
Lt
c h t � Lt

c

� �
if t > Lt=c;

(
ð15Þ

where, Lt is the length of the tube and hðtÞ is the flow input
at the tube inlet.

Note that the tubes connecting the valve with the actu-
ator have two effects on the system response. Firstly, the
pressure drop along the tube will induce a decrease in
the steady state airflow through the valve. Secondly, the
flow profile at the outlet will be delayed with respect to
the one at the inlet by the time increment necessary for
the acoustic wave to travel the entire length of the tube
[2]. Thus in practice a feedback scale is introduced to com-
pensate the dropping pressure, and the disposal of the sys-
tem should be optimized to shorten the line length or a
prediction algorithm should be adopted in the future
work.
4. The hybrid fuzzy control algorithm and controller design

In the above sections, we model the influence of three
types of pneumatic components, including cylinder, on–
off valve and connecting tube. There are a great number
of control algorithms that can be found to control the
above system. In this part, we give out the control algo-
rithm and controller design for the ZJUESA pneumatic
force-feedback system.

The pneumatic system is usually not a well linear control
system, because of the air compressibility and its effect on
the flow line. Also the highly nonlinear flow brings troubles
into the control. As a result, the conventional controllers
are often developed via simple models of the plant behavior
that satisfy the necessary assumptions, and via the specially
tuning of relatively simple linear or nonlinear controllers.
For pressure or force control in such a nonlinear system,
especially in which the chamber pressure vibrates rapidly,
even in one PWM on–off period, the conventional control
method can hardly have a good performance.

The introduction of the hybrid control method gives out
a solution to this problem. However, as the ANFMRC
mentioned in the Ref. [13], the design of the hybrid control-
ler is always complicated and only available to the propor-
tion or servo valve system. In our system, we figured out a
hybrid fuzzy control method for the high-speed on–off
valves, which is much simpler and can be realized by
MCUs in the contributed architecture.

Fig. 6 shows the structure of the proposed hybrid con-
troller. Bang-bang control is applied when the actual out-
put is far away from reference value. In this mode, fast
tracking of the output is required. The fuzzy controller is
activated when the output is near the set point, which needs
accurate control. The fuzzy controller provides a formal
methodology for representing, manipulating, and imple-
menting a human’s heuristic knowledge about how to con-
trol a system [15]. It can be regarded as an artificial decision
maker that operates in a closed-loop system in real time.
The system can get the control information either from a
human decision maker who performs the control task or
by self-study. The hybrid controller switch condition can
be described as:

controller ¼
bang-bang controller if error P jEj;
fuzzy controller if error < jEj:

	
ð16Þ

Fig. 7 explains the scheme of the fuzzy control mode in
the hybrid fuzzy controller for the pneumatic force-feed-
back system. We use pressure error eðtÞ ¼ P rðtÞ � P 1ðtÞ
and change in error _eðtÞ ¼ d

dt eðtÞ as the input variables on
which to make decisions. As there are rapid vibrations of
the pressure in a small interval, the change in error of the
pressure is often not consistent to the changing tendency
of the average pressure for a long period. So we introduce
the gains on the proportional and derivative terms to weak
its irregular influence. The gain on proportional term is
taken as 9 and 1 for the derivative term. On the other hand,
the width of the high-voltage in one PWM period tp is
denoted as the output u of the controller, which drives
the valve to switch. During the course of high-voltage,
the cylinder chamber is link to the high-pressure, and vice
versa. Whether the cylinder chamber connects to the high-
pressure or atmosphere, we could determine the flow by



Fig. 6. The concept of the hybrid controller.

Fig. 7. The scheme of the fuzzy control mode of the hybrid controller in the pneumatic force-feedback system.
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Eqs. (8) and (9) with relative coefficient C1, C2 and C3 due
to the pressure ratio. With the second-order model of
load and rod, the block of force-feedback control can be
deduced.

Here we use the following fuzzy model to represent a
complex two-input single-output system that includes both
approximation inference rules and local analytic models.

RL: if eðtÞ ¼ Ai and _eðtÞ ¼ Bj; then u ¼ U ij; ð17Þ

where RL denotes the lth approximation inference rule. Ai

and Bj are the values of the two inputs, error eðtÞ and _eðtÞ
change in error, and Uij is the output variable of the sys-
tem. In fuzzy control the relation between the output and
the inputs can be generally expressed with a nonlinear func-
Fig. 8. Fuzzy controller characteristic curve [23].
tion. It is can be intuitively depicted by Fig. 8. In this figure
each bounded monotonic curve represents uðtÞ for a differ-
ent value _eðtÞ. They can be expressed by Eq. (18) [22].

Uð�e; _eÞ ¼ ki e�aiE � 1ð Þ
e�aiE þ 1

þ Ki � Ec; ð18Þ

where ki, ai, and Ki are the coefficients. ki determines the
altitude of the curve; Ki expresses whether the curve pass
through the original point or not; a depicts the shape of
the curve. E and Ec are the fuzzy sets of the two input
eðtÞ and _eðtÞ respectively.

In the work of Barth et al. state-space averaging can be
utilized to convert the switching model given in Eqs. (1)–
(6), (8)–(15) to a continuous average model. The average
model is formed in the s-domain as:

ĜðsÞ ¼ F ðsÞ
ÛðsÞ

¼ Ke�T DsP ðsÞ
Mss3 þMs2

ð19Þ

where, s is the time constant, which is a typically nonlinear
function of the upstream and downstream and so on. TD is
the time delay exhibited between the control command and
the pressure dynamic.

The average model given by Eq. (19) assumes that the
input ûðtÞ can vary continuously in time, which is not the
case. Specifically, once a given duty cycle is commanded,
the control command cannot be changed until the next
PWM period or next sampling period. The control com-
mand is therefore subjected to a sample-and-hold operation.
Given the standard frequency domain approximation of a
sample-and-hold, the transfer function of the average model
from the continuous control command uðtÞ to the motion of
the output f ðtÞ can be given as:
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GðsÞ ¼ F ðsÞ
UðsÞ ¼

1� e�Ts

Ts
� Ke�T DsPðsÞ
Mss3 þMs2

: ð20Þ

Also such SISO system can be reformed with space-state
method as:

_X ¼ AX þ BU ;

Y ¼ CX ;

(
ð21Þ

where A is n · n state transition matrix, B, X is the n · 1

state vector, C is the 1 · n state vector, Y and U are the in-
put and output respectively. By replacing the input U with
Eq. (18) and Eq. (21) can be rewritten in the following
form:
Fig. 9. The membership functi
_X ¼ AX þ B k eaE�1
eaEþ1
� K _E

h i
;

Y ¼ CX ;

(
ð22Þ

where k 2 ki and K 2 Ki in Eq. (18) [22].
In general, when the input is 0, E = �Y. As a result, Eq.

(22) can be explained as following:

_X ¼ A0X þ B0
e�acX � 1

e�acX þ 1
¼ f ðxÞ; ð23Þ

where A0 ¼ ½I þ KBC��1A; B0 ¼ k½I þ KBC��1B:
In the Lyapunov’s second or direct method, let xe = 0 be

an equilibrium for Eq. (23). Let Lyapunov function V: be a
continuously differentiable function such that V(0) = 0 and
V(x) > 0, and _V ðxÞ < 0. Then xe = 0 is stable. For the
ons for the fuzzy controller.



Table 1
Rule table for the fuzzy controller

‘‘Output’’ u ‘‘Error’’ e

PH PL PB PM PS ZE NS NM NB NL NH

‘‘Change-in-error’’ _e PB PH PH PL PL PB PM PS NS NM NM NB
PM PH PL PL PB PM PS NS NS NS NM NB
PS PL PL PB PB PM ZE ZE NS NM NB NB
ZE PL PB PB PM PS ZE NS NM NB NB NL
NS PB PB PM PS ZE ZE NM NB NB NL NL
NM PB PM PS PS PS NS NM NB NL NL NH
NB PB PM PM PS NS NM NB NL NL NH NH

PH – positive huge; PL – positive large; PB – positive big; PM – positive middle; PS – positive small; ZE – zero; NH – negative huge; NL – negative large;
NB – negative big; NM – negative middle; NS – negative small.
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system described by Eq. (23), the Krasovskii method is
employed to construct the Lyapunov function V.

V ðxÞ ¼ f T ðxÞf ðxÞ: ð24Þ
According to the stable condition of the system,

_V ðxÞ ¼ of ðxÞ
ot þ

of T ðxÞ
ot < 0, the domain of coefficients k and

K can be obtained. This gives the rule for fuzzy controller
designing and ensures the stability of the system.

Fig. 9 depicts the membership functions of the input
‘‘error’’, ‘‘change-in-error’’ and the output ‘‘u’’. There are
11 intervals for the pressure error and 7 intervals for the
derivative term. Also 11 classes are allocated to the output.
Membership function in the fuzzy layer is commonly a
symmetric function, such as bell shape function, triangle
function, or trapezoidal function. In this paper all the
membership functions are dictated by the skewed triangle
membership function for its simplicity, but the membership
functions are narrower near zero. This serves to decrease
the gain of the controller near the set point so we can
obtain a better steady-state control and yet avoid excessive
overshoot spacing of the output membership function. The
rule base array that we use for the controller is shown in
Table 1.
Fig. 10. The distributed pneumatic control architecture of the pneumatic
force-feedback system.
In practice, we design the hybrid fuzzy control system
in the form of distributed control architecture, as Fig. 10
shown. Each Mega8 MCU of ATMEL Inc. works as a
hybrid fuzzy controller for each cylinder respectively, and
forms a pressure closed-loop control. The controller sam-
ples the pressure in chamber with 2000 Hz sampling rate
by the AD converter affiliated to the MCU. Since the sam-
pling values tend to jump up and down with the pressure, a
median filter is used to average the sampling pressure value
amid the 4 PWM periods, which is as the feedback pressure
in the closed-loop.

5. Implementation

The implementation can be divided into two parts, hard-
ware and software. As seen in Fig. 11, the system includes
the soft signal generator and data acquisition, Mega8
MCU experiment board, on–off valves, sensors of displace-
ment and pressure, and the oscilloscope. We chose the cyl-
inder DSNU-10-40-P withU10 mm and 40 mm length,
produced by FESTO Inc., and fixed the piston of the cylin-
der at the middle of the stroke. The system obtains the ref-
erence signal and sends the experimental data through the
RS232 and implements the force control by means of the
hybrid fuzzy controller on the MCU experiment board.

The soft signal generator and data acquisition are two
main parts of the software. Both are designed in the Lab-
VIEW, with which users may take advantage of its power-
ful graphical programming capability. Compared to other
conventional programming environment, the most obvious
difference is that LabVIEW is a graphical compiler that
uses icons instead of lines of text. Additionally LabVIEW
has a large set of built-in mathematical functions and
graphical data visualization and data input objects typi-
cally found in data acquisition and analysis applications.
Here the software generates the reference pressure and
force and shows the experimental data on the screen. The
RS232 bridges the software and hardware.

6. Simulations and experiments

A simulation of the pneumatic system model and hybrid
fuzzy controller was implemented in MATLAB. Simulated



Fig. 11. The experiment set-up.

Fig. 12. The simulation numerical and experimental results corresponding
to different pressure step signals.
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results of how the pressure in the cylinder chamber behaves
under certain conditions were produced. In addition, three
sets of experiments were conducted in this section to vali-
date the mathematical model and fuzzy control method.
In the experiments we measured the pressures in both cyl-
inder chambers by the MPX 5500 integrated silicon pres-
sure sensors of Freescale Inc., which are state-of-the-art
monolithic silicon pressure sensors on-chip signal condi-
tioned, temperature compensated and calibrated [24]. The
signals measured by these devices are then transferred to
the forces provided by the actuator. Also the errors
between these outputs and references and its change are
considered as the inputs of the controller to make the
closed-loop controller.

Figs. 12 and 13 give both the numerical and experimen-
tal results of the chamber pressure and force outputs with
different amplitude step input signals. After smoothed,
both the pressure and the force output curves track the ref-
erence and numerical curves very well with very good
amplitude match and less than 0.01 s misalignment in the
time profiles.

The plots in Figs. 14 and 15 give the results of the cham-
ber pressure and actuator force outputs by following a
ramped input. Due to the compressibility and the nonlinear
character of the air media, there are some waves along the
output curve. As a whole, the output curves perform a
good control character to track the input signal. The errors
of the pressure and force of the slope input are shown in
Figs. 16 and 17, respectively. Note that the errors are
almost negative and positive errors are always very small,
which ensures the safety of the force-feedback in a certain
extent.

In the other sets of experiments, we use series of sinusoi-
dal commands with different frequencies to measure the
dynamitic nature of the system. As Fig. 18 shows, the
frequencies of sinusoidal signals are 5 Hz and 2.5 Hz.
Although there is a little error between the reference curve
and the experiment curve in the rising part of the signals,
the system has a good performance.



Fig. 14. The experimental result of pressure for a ramped input.

Fig. 15. The experimental result of force for a ramped input.

Fig. 13. The simulation and experiment results of output force with
different amplitude step signals.

Fig. 16. The pressure errors of the ramped input.

Fig. 17. The force errors of the slope input.

Fig. 18. Experimental results for 5 Hz and 2.5 Hz sinusoidal pressure
commands.

334 C. Ying et al. / Mechatronics 17 (2007) 325–335



C. Ying et al. / Mechatronics 17 (2007) 325–335 335
There are some remarks. Despite the fact that there are
quickly vibrations of the pressure in the chamber amid a
1 ms or even smaller interval, the output is so smooth as
the lag of operator’s feeling and the high-frequency (above
30 Hz) information carries little energy. While at frequen-
cies lower than 2.5 Hz, force is sensed through the opera-
tor’s joint, muscle and tendon receptors, and the operator
is able to respond to, and stabilize, low-amplitude distur-
bances at these frequencies [19]. We use the Fourier trans-
form to remove reflected force signals above 20 Hz for
simulating operator’s feeling and get the smoothed curve
in each plot.

7. Conclusions

In this article we describe a new application of the pneu-
matic system and its hybrid fuzzy controller. The pneu-
matic actuators are used as the force-feedback system for
the master type exoskeleton, ZJUESA, with the control
by the on/off valve for improving the master/slave manip-
ulating characteristics. In the controller design the mathe-
matical models of the pneumatic system are given. The
models include pneumatic cylinder and high-speed on–off
valve by considering the compressibility and nonlinearity
of the air, which are simple and effective. In the meanwhile,
we also take the effects of time delay and attenuation due to
the connecting tubes into account with the purpose of force
fidelity and real time control. Based on the models, the
hybrid fuzzy control method is used and its controller is
designed with the Mega8 MCU. The results are obtained
by both simulations in MATLAB and experimental
researches. In the experiments, step, slope and sinusoidal
commands are taken and the system shows a good perfor-
mance, and a good agreement is found between the numer-
ical and experimental curves as well. In the future work, the
dynamic friction of the piston in the cylinder and viscous
friction of valve will be added into the models, and the
improved models and control method will be used to have
a better manipulation effect.
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