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Abstract – In this paper the development of efficient fuzzy 
logic trajectory control of pneumatic system is presented. The 
pneumatic actuators used in our experiments, are part of a lower 
limb rehabilitation exoskeleton with 10 DOF (Degrees Of 
Freedom). The aim of the developed trajectory control system is 
to guide physiologically the inferior limbs of a rehabilitant 
according to natural movements. The developed fuzzy controller 
was implemented and tested on embedded PC104 system.  

The objectives achieved by the proposed controller are mainly 
high performance, accurate trajectory control and high 
robustness. 
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I. INTRODUCTION 

Recently there is great demand of pneumatic systems in the 
field of medical robotics. They are used to meet the need of 
lower cost, high power-to-weight ratio, long duration, ease of 
maintenance, cleanliness. However, pneumatic systems 
exhibit highly non-linear behaviors that are associated with 
the compressibility of air, the complexity of friction presence 
and the nonlinearity of valves [1], [2], [3]. Because of all 
these characteristics, it is very difficult to successfully apply 
the classical control theory on pneumatic systems. It is 
relatively easier to use a fuzzy logic control, even though 
there are difficulties in designing a fuzzy controller and 
determining its parameters by trial and test. 

Applying fuzzy control to a continuous pneumatic 
positioning system is particularly advantageous in terms of 
simplicity of design and implementation, and thus 
significantly reduces the time required to develop the entire 
system [4], [6]. Also fuzzy control has been demonstrated to 
provide highly satisfactory results in terms of accuracy, 
repeatability and insensitivity to changes in operating 
conditions [5].  

A great number of researches have been done in the 
analysis of fuzzy control systems, in the field of robotics [7], 
[8].  

Despite this prior work, obtaining the accurate control of 
pneumatic systems is still a very challenging task. 

In this paper the development of efficient fuzzy logic 
controller for simultaneous real-time control of two pneumatic 
rod cylinders is presented. The pneumatic actuators used in 

our experiments, are part of a lower limb rehabilitation 
exoskeleton with 10 DOF (Degrees Of Freedom). The aim of 
the developed controller is to enable efficient trajectory 
control which will guide physiologically the inferior limbs of 
a rehabilitant according to natural movements. The developed 
fuzzy controller is implemented and tested on embedded 
PC104 system. 

II. FUNCTIONAL DESCRIPTION 

On Fig. 1. our robot rehabilitation system composed of two 
pneumatic cylinders, connected to the femoral and tibia bars 
on each of the “legs” of the robot, is presented. Through the 
accurate control of the length of these actuators, it is possible 
to guide the inferior limbs of a patient. 

 

 
 

Fig.1. Design of the lower limbs rehabilitation system with 
pneumatic servo actuators  

III. FUZZY CONTROLLER 

Classical control theory can be successfully applied to 
systems which are well defined and when the parameter 
variations are not so excessive. The nonlinear processes 
should often be controlled by heuristic rules of human 
knowledge. In that situation, it seems that fuzzy control theory 
can give suitable solutions. The essence of fuzzy logic control 
is that appropriate linguistic fuzzy rules are chosen, using 
some decision-making process, from a rule table constructed 
using human control experience and databases.  
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Before designing a fuzzy controller, it is necessary to have 
some supposes for simplification as follows: 
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• The reference zero position for displacement 
controlling of the cylinder is defined at the end 
point of the cylinder’s rod when it is completely 
out. 

• The output error e(t) is positive if the reference 
point r(t) is greater than the real displacement x(t); 

• In order to move the piston from bottom to up, the 
pressure of the bottom chamber controlled by the 
bottom pressure proportional valve must be greater 
than the sum of friction, gravity force and the 
count force produced by the pressure of the upper 
chamber of the cylinder.  

Since the working area of cylinders is overlapping, the 
same fuzzy controller is used for both of them. 

The fuzzy controller is composed of fuzzification, control 
rules, fuzzy logic inference and defuzzification procedure, as 
presented on Fig. 2. 

 
Fig.2. Fuzzy controller structure 

 
The state variables of the pneumatic fuzzy control system 

are: the displacement error E, which is the input signal and 
two output control signals Uant and Upos which are control 
voltages of the bottom and upper valve respectively.  

Displacement error in the system is given by:  

)()()( kTxkTrkTe −=  (1) 

where, r(kT) is the reference point, x(kT) is the actual 
measured displacement, and T is the sampling time. 

Based on this error the output voltage, that controls the 
pressure in both chambers of the cylinders, is adjusted. 

Seven linguistic values non-uniformly distributed along 
their universe of discourse have been defined for these 
variables (negative large-NL, negative medium-NM, negative 
small-NS, zero-Z, positive small-PS, positive medium-PM, 
positive large-PL). For this study trapezoidal and triangular-
shaped fuzzy sets are chosen for input variable and singleton 
fuzzy sets for output variables. 

The membership functions were optimized starting from a 
first, perfectly symmetrical set. Optimization was performed 
experimentally by trial and test with different membership 
function sets. The membership functions that give optimum 
results are illustrated in Figs. 3a, 3b and 3c. 

 

 
Fig.3a. Membership function of input variable E 

 

 
Fig.3b Membership functions of output variables Uant 

 

 
Fig.3c Membership functions of output variables Upos 

 
The rules of the fuzzy algorithm are shown in Table I in a 

matrix format.  
TABLE I 

RULE MATRIX OF FUZZY CONTROLLER 
 

Rule n ° E ANT POS 
1 PL PL NL 
2 PM PM NM 
3 PS PS NS 
4 Z Z Z 
5 NS NS PS 
6 NM NM PM 
7 NL NL PL 

 
For convenience the rules of the fuzzy algorithm shown in 

Table I express the actions to be exerted on the valves 
connected to the cylinder chambers in order to reduced  
displacement errors. 

For example, Rule 1 is introduced because the rod must be 
displaced a lot when the actual position is fairly far below the 
reference value (E = PL). This is translated into control 
voltages such as to direct a high supply air flow to bottom 
chamber ANT and to increase the pressure in it (Uant = PL) 
and also to direct a high flow from upper chamber POS 
towards discharge and to decrease the pressure in it (Upos = 
NL). The other rules shown in Table I originate from similar 
qualitative considerations. 

The max-min algorithm is applied and center of gravity 
(CoG) method is used for deffuzzify and to obtain an accurate 
control signal.  
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IV. INVERSE KINEMATICS PROBLEM 

Since the aim of the developed controller is to enable 
efficient trajectory control which will guide a patient 
according to natural movements, a special experimental 
procedure for movement analysis of inferior limbs, was 
performed. The walk of a health person on a treadmill with 
standard video camera equipped with 3CCD sensor was 
recorded. Videos were captured with optic axis normal on the 
plane on the limbs’ movement. The videos were post-
processed and kinematics movement parameters of limbs’ 
characteristic points (hip, knee and ankle) were extracted.  

These data were imported in Working Model 2D which 
allow to carry out kinematics simulations of complex 
mechanical systems. By the means of this software the inverse 
kinematic problem was resolved, and the trajectory which 
must be performed by the actuators was determined. 
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V. EXPERIMENTS AND RESULTS 

Experimental set up, presented on Fig. 4, is composed of 
two vertically positioned rod cylinders SMC CM2C32F-160 
and SMC CM2C32F-180 (with stroke length l1=160 mm, 
l2=180 mm, respectively and diameters d=32 mm.). Motion of 
each cylinder’s piston (i.e. supply and discharge of both 
cylinder chambers) are controlled by two pressure 
proportional valves (SMC-ITV 1051-312CS3-Q), connected 
to both cylinder chambers. In order to obtain the information 
of the piston’s position for each cylinder, two linear 
potentiometers (Celesco DV301-0040-111-1110) are used. 

 

 
Fig.4. Schema of the experimental setup 

 
The system is managed by an embedded PC104 Athena 

board from Diamond Systems, with real time Windows 
CE.Net operating system, which uses the RAM based file 

system. The Athena board combines the low-power Pentium-
III class VIA Eden processor (running at 400MHz) with on-
board 128MB RAM memory, 4 USB ports, 4 serial ports, and 
a 16-bit low-noise data acquisition circuit, into a new compact 
form factor measuring only 4.2" x 4.5". The data acquisition 
circuit provides high-accuracy, stable 16-bit A/D performance 
with 100 KHz sample rate, wide input voltage capability up to     
+/- 10V, and programmable input ranges. It includes 4 12-bit 
D/A channels, 24 programmable digital I/O lines, and two 
programmable counter/timers. A/D operation is enhanced by 
on-board FIFO with interrupt-based transfers, 
internal/external A/D triggering, and on-board A/D sample 
rate clock. 

Microsoft embedded C++ programming language is used to 
program the control algorithm and effectuate the 
measurements. 

The Fuzzy controller, described in section III, is used in 
trajectory control of pneumatic servo actuators and a lot of 
experiments have been made. In order to implement the 
control algorithm on embedded PC104, some necessary 
operations such as reading and storing data, calculating the 
output error, normalization, fuzzification, inference and 
defuzzification, must be performed. All operations must be 
done in real time with a sampling period of 10ms. In order to 
meet these constraints the controller is implemented in several 
optimized program modules. Data acquisition and control 
modules for both cylinders are loaded and run from RAM 
memory of the PC104.   

The developed controller was first experimentally tested on 
sinusoidal trajectory control (period-4s, amplitude-40mm). 
The experimental results are presented on Fig.5. 
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Fig.5 Experimental results with sinusoid trajectory control 

 
After this, the controller was tested on trajectory obtained 

with inverse kinematics, according the experimental 
procedure described above. 

The results for both cylinders are presented on Figs.6 and 7.
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Fig.6 Trajectory control of cylinder connected to femoral bars 
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Fig.7 Trajectory control of cylinder connected to tibia bars 

VI. CONCLUSION 

It is important to make evident the great potential that fuzzy 
logic has to offer, in the field of pneumatic systems. However, 
high system knowledge is necessary to improve the 
performance of the controlled actuators. 

As it is shown in this work, with the developed controller 
accurate trajectory control and high robustness of the system 
were achieved. The experiment results show that the 
trajectories in both cases are mainly followed well and the 

final output error is less that 5mm. This error is acceptable for 
our system which will be used for rehabilitation purposes. 

VII. FUTURE WORK 

Future directions of the work include experimental 
verification of the proposed fuzzy controller on the actuators 
with the load of 5, 10, 15 and 20 kg., and implementation of 
the error change rate as a second controlled variable of the 
fuzzy controller. 
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