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SUMMARY 
The paper presents a hybrid concept of a fuzzy controller for use in electro-hydraulic position control system. Hydraulic position 

systems are commonly used in various applications. In essence, these kinds of systems are nonlinear in nature and generally difficult 
to control. With changing system parameters, using of the same gains will cause overshoot or even loss of system stability. The highly 
non-linear behavior of these devices makes them ideal subjects for applying different types of sophisticated controllers. This article 
shows a performance of a hybrid controller for electro-hydraulic position control system based on two concepts of fuzzy controllers: 
a self-learning fuzzy logic (SLFLC) controller, which contains a learning algorithm that utilizes second order reference model and a 
sensitivity model related to the fuzzy controller parameters; and a position control using fuzzy gain-scheduling (FGSC). The paper 
also shows the design procedures for the controller and simulation results. The results suggest that using of the hybrid fuzzy control-
ler decreases the error of position reference tracking in relation to the classical PID controller and solely SLFLC controller.  
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REZIME 
U radu je prikazan koncept hibridnog fazi kontrolera za primenu u pozicionim elektrohidrauličkim sistemima upravljanja. Takvi 

sistemi su u suštini nelinearni i generalno teški za upravljanje. Usled promene parametara sistema, korišćenje istih pojačanja izaziva 
preskok ili čak gubitak stabilnosti sistema. Izrazito nelinearno ponašanje ovih uređaja čini ih idealnim za primenu različitih tipova 
sofisticiranih kontrolera. Rad prikazuje performance hibridnog kontrolera za elektrohidraulički pozicioni sistem, zasnovanog na dva 
koncepta fazi kontrolera: a) samoučećem fazi kontroleru (SLFLC), koji sadrži algoritam učenja na osnovu referentnog modela i fun-
kcija osetljivosti i b) fazi „gain scheduling“ kontroleru (FGSC). Prikazana je procedura projektovanja kontrolera i dati su rezultati 
simulacije, koji pokazuju da hibridni kontroler smanjuje grešku praćenja referentnog signala u odnosu na klasični PID kontroler i 
samo SLFLC kontroler. 

Ključne reči: elektro hidraulički sistem, upravljanje položajem, fazi kontroler, gain scheduling, samo učeći fazi kontroler. 
 
INTRODUCTION 
Electro-hydraulic position systems are commonly used in in-

dustry and on mobile machines. The control of electro-hydraulic 
position systems has been the focus of intense research over the 
past decades. Electro-hydraulic control systems are known for 
their fast dynamic response, high power-inertia ratio and control 
accuracy. These kinds of systems are nonlinear in nature and 
generally difficult to control. With system parameters changing, 
using of the same gains will cause overshoot or even loss of sys-
tem stability. The highly non-linear behavior of these devices 
makes them ideal subjects for applying different types of sophis-
ticated controllers. The paper is concerned with the second order 
model reference for positioning control of a load electro-
hydraulic position system using self-learning fuzzy controller in 
combination with fuzzy gain-scheduling. For the results com-
parison, a PID-controller was used. Also, the design procedures 
for the hybrid controller and simulation results are presented. 
The results suggest that using of the proposed hybrid controller 
decreases the error of position reference tracking.  

Fuzzy logic has found control applications in all facets of 
engineering. In the fluid power area, fuzzy logic has been used 
for control, identification and modeling of the system. The popu-
larity of fuzzy logic can be attributed to its ability to deal with 
nonlinear systems. Also, easy tuning of such systems makes 
them a good candidate of hydraulic systems control.  

Design of a fuzzy controller requires more design decisions 
than usual, for example regarding rule base, inference engine, 
defuzzification, and data pre-post processing. 

Fuzzy controllers are being used in various control schemes 
(Jantzen, 2000). The most obvious is direct control, where the 

fuzzy controller is in the forward path in a feedback control sys-
tem. The process output is compared with a reference, and if 
there is a deviation, the controller then will take action according 
to the control strategy.  

In feedforward control a measurable disturbance is being 
compensated. It requires a good model, but if a mathematical 
model is difficult or expensive to obtain, a fuzzy model may be 
useful.  

Fuzzy rules are also used to correct tuning parameters in pa-
rameter adaptive control schemes. If a nonlinear plant changes 
operating point, it may be possible to change the parameters of 
the controller according to each operating point. This is called 
gain scheduling since it was originally used to change process 
gains. A gain scheduling controller contains a linear controller, 
whose parameters are changed as a function of the operating 
point in a preprogrammed way. It requires thorough knowledge 
of the plant, but it is often a good way to compensate nonlineari-
ties and parameter variations. Sensor measurements are used as 
scheduling variables that govern the change of the controller pa-
rameters, often by means of a table look-up. 

There are at least four main sources for finding control rules 
- Expert experience and control engineering knowledge.  
- Based on the operator’s control actions.  
- Based on a fuzzy model of the process.  
- Based on learning. The self-organizing controller is an ex-
ample of a controller that finds the rules itself. Neural networks 
is another possibility. 

Usually, the fuzzy controller is composed of linguistic con-
trol rules which are conditional linguistic statements of the rela-
tionship between inputs and outputs, so that the most attractive 
property of a fuzzy controller is its ability to emulate the behav-



PTEP 13(2009) 1 59 

ior of a human operator. Another important characteristic of a 
fuzzy controller is its applicability to systems with model uncer-
tainty or even to unknown model.  

Classical approaches, like PID controllers for positioning of 
hydraulic drives, do not give satisfactory performance. For this 
reason, adaptive control techniques (reference model) are used.  

A comparatively convenient method is to have a reference 
response model, which can be the tracking object of the control 
system. Followed by using of the model reference adaptive con-
trol theory, an adaptive reference model was used to control an 
electro-hydraulic position system. Gain scheduling, based on the 
measurements of the operation conditions of the process, is often 
a good way to compensate variations in the process parameters 
or the known of nonlinearities of the process.  

A fuzzy logic controller (FLC) which can-
not adapt to changes in process dynamics and 
disturbances is a static controller. In the con-
trol of a process, where large parameter 
changes occur or little process knowledge is 
available, an adaptive controller is required to 
achieve good performance. 

The first FLC with a learning ability was 
developed by Procyk and Mamdani (Procyk 
and Mamdani, 1979). This self-organizing 
controller (SOC) has been studied and im-
proved by other researchers. 

The main idea of underlying this controller 
is to modify its rule base according to closed-
loop performance. An adaptive controller must 
be able to measure its own performance and 
change control strategy. In a SOC, a perform-
ance table is employed to determine the 
amount of modification to the controller de-
pending on the measured performance. Per-
formance is defined by the difference between 
the actual and desired outputs of the plant un-
der control. If it is poor, then correction will be 
made to the rules of responsible using of the 
performance table and the measured perform-
ance data. 

Mainly, there are two types of adaptive 
controllers: model reference adaptive control-
lers (MRAC) and self-tuning regulators (STR). 
In terms of the structure and operation, a SOC 
is similar to an MRAC (Pham, 1999).  

MATERIAL AND METHOD 
Hydraulic actuators are widely used in in-

dustrial applications due to several advantages, 
like large force and torque, high power to 
weight ratio, rapid and accurate response. In 
practice, hydraulic cylinder is usually applied 
as the hydraulic actuator, controlled by propor-
tional valve. The problem of modeling hydrau-
lic actuators is well established in standard textbooks on hydrau-
lic control systems. For modeling and simulation, a typical elec-
tro-hydraulic system is selected - hydraulic cylinder controlled 
with proportional valve (Karadzic, 2003, 2007), where the hy-
draulic cylinder moves the load. The complete mathematical 
model of hydraulic drives starts from the physical laws, and ac-
curately enough describes static and dynamic characteristics of 
real systems (Merritt, 1967; Noskievic, 1999). The developed 
model in this research is mainly intended to emphasize the non-
linear nature of hydraulic actuators in order to obtain insight into 
the various physical phenomena that dominate the behavior of 

hydraulic control systems. The mathematical models of a hy-
draulic system must embody the basic physical laws, such as the 
mass balance equation for oil volumes, equations of motion for 
moving parts, equations of turbulent flow through small restric-
tions, etc. All important dynamic effects have been taken into 
account in the applied Simulink models. Fig 1 shows two typical 
models of hydraulic system, standard Simulink model (Fig. 1a) 
and Simulink/SimHydraulics model (Fig. 1b). For modeling, si-
mulation and optimization of electro-hydraulic control system 
the program Matlab is used as well as its toolboxes: Control Sys-
tem, Fuzzy Logic, Genetic Algorithm and Direct Search Toolbox 
and Simulink's: Mechanical, SimHydraulics, and Simulink Re-
sponse Optimization toolbox. 

RESULTS AND DISCUSSION 
In this paper a nonlinear model of an electro-hydraulic sys-

tem was developed by means of the associated differential equa-
tions and then simulated by using Matlab techniques. The model 
describes the behavior of a typical electro-hydraulic system with 
proportional or servovalve and includes the nonlinearities of fric-
tion forces, valve dynamics, oil compressibility and load influ-
ence. The nonlinear model is used to design a new hybrid fuzzy 
controller through simulation.  
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Fig. 1 Simulation scheme of hydraulic position system:  
a) Standard Simulink model; b) Simulink/SimHydraulic model 

Sl. 1. Simulaciona šema hidrauličkog pozicionog sistema: 
a) Standardni Simulink model; b) Simulink/SimHydraulic model
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Controller design 
The aim of the controller is position tracking of the reference 

model. Classical approaches, like PID controllers for positioning 
of hydraulic drives, do not give satisfactory performance. For 
this reason, adaptive control techniques, an adaptive reference 
model, self-learning and gain scheduling are used to improve the 
performance of the controllers.  

To verify the performance of the proposed controller, simu-
lation results are compared with a commonly used PID-
controller.  

The idea of automated FLC optimization or self-organization 
was first elaborated by the group of Prof. E.H. Mamdani (Pro-
cyk, Mamdani, 1979) and since then, many researchers have at-
tempted to improve the performance of self-organizing mecha-
nisms and establish a more systematic method for designing and 
tuning the fuzzy controller. Some of them have used neural nets 
(Jang, 1992). Self-organizing fuzzy logic controllers have been 
successfully applied to various control processes.  

The fuzzy model reference control is inspired by the concept 
of conventional model reference adaptive control. In fuzzy model 
reference adaptive control (FMRAC) schemes responses of con-
trolled system variables are compared with responses of accom-
panying reference model variables and then the consequent 
model tracking errors are used as inputs to an adaptation mecha-
nism which either may further perform a parameter or signal ad-
aptation. The design of both types of FMRAC schemes requires 
certain knowledge of system dynamics. 
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Sl. 2. Blok dijagram predloženog hibridnog kontrolera 

(SLFLC+I+FGS).  
 

The proposed controller depicted in Fig. 2 is composed of 
self-learning fuzzy logic controller (SLFLC) and Fuzzy Gain 
Scheduling controllers (FGSC). Because of the sensitivity of the 
system’s parameters to the sign of the voltage fed to the valve, if 
the error and change of error are used as the inputs of the con-
troller, then the performance of the controller in the extension 
and the retraction movements will not be satisfactory. Two in-
puts, namely, error and desire inputs are used as fuzzy inputs.  

It may be seen that the SLFLC has been added in parallel to 
the existing FGS controller. This means that the SLFLC acts as 
an adaptation mechanism, which should improve the overall sys-
tem performance. 

The self-learning fuzzy logic controller (SLFLC) which util-
izes a sensitivity model and the second order reference model 
has been effectively introduced for control of nonlinear systems. 
In order to determine a sensitivity function, a function describing 
the dependence of two variables (or variables and parameters) 

must be differentiable. There is a class of fuzzy controllers wide-
ly used in practical applications, usually called the singleton 
fuzzy controllers, which can be organized to assume an analyti-
cal and differentiable form. The algorithm used for self-learning 
is described in detail in (Kovačić et al, 1998). 

Self-organizing fuzzy logic controllers (SLFLC) are the sort 
of fuzzy logic controllers whose input(s)-output(s) mapping 
function can be formed either from the empty or initially prede-
fined fuzzy rule base. Self-organization is a process, as far as 
control systems are concerned, which must be stable and fast 
convergence is desired. Self-organization can depend on the in-
verse fuzzy model of the process, or on the difference between 
the reference model and the system output, or as it is the case 
here, on the reference model and the sensitivity model of the sys-
tem output with respect to the fuzzy controller parameters. This 
type of fuzzy controller has been described in detail in (Kovačić 
et al, 1998; Bogdan et al, 2007). The basic structure of the 
SLFLC is shown in Fig. 3. 
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Fig. 3 The structure of the SLFLC 
Sl. 3. Struktura SLFLC kontrolera 

 

The desired linear, second order, reference model is selected 
to run parallel with the nonlinear system. Reference model de-
scribes the preferred or default system behavior. The goal of self 
learning fuzzy controllers is that the controlled system faithfully 
follows the dynamic behavior reference model. Transfer function 
of the chosen linear second order reference model in the s-plane 
is: 
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Parameters, the natural frequency ωn and a damping ratio ζ, 
can be calculated from the default of indicators of quality of 
transition processes, the time of the first maximum (tm) and over-
shoot (σm). The second order reference model (1) describes de-
sired closed loop system behavior that is defined with maximum 
overshoot σ = 0.5 % and time of the first maximum tm = 0.05 i 
0.1s. 

The SLFLC (Kovačić et al, 1998) contains a PD-type fuzzy 
controller, a feedforward control element and a P controller 
(Fig.3) which have output equal: 
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where: e(k)=ur(k)-y(k) – system error, dy(k)=y(k)-y(k-1) – 
change of system output, Ai – centroid of the fuzzy controller 
output subset activated by the i-th fuzzy rule, kf – feedforward 
gain coefficient, kp – P controller gain, ξ – type  of system (1 – 
static, 0 – astatic), λ – fuzzy controller parameter vector, Φi – 
fuzzy basis function describing the degree of contribution of the 
i-th fuzzy rule. 

Regarding determination of the desired closed-loop dynamic 
behavior, the second order reference model was used: 
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According to the practical experience gained so far, the cen-
troid of the output fuzzy sets have the largest impact on the 
fuzzy control surface. Other parameters of the fuzzy controller 
(such as a number of fuzzy sets, the shape of fuzzy membership 
functions, the type of inference method etc.) have a certain im-
pact, but not a dominant one. 

In the SLFLC function block, system parameter variations 
are compensated only once in the learning iteration by adapting 
the centroid of the fuzzy output sets Ai and the feedforward gain 
coefficient kf by using the learning algorithm: 
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where: eM(k) =ym(k) – y(k) is a model tracking error, κ de-
notes a current learning iteration that starts with a new change of 
ur(k), and η denotes sensitivity functions: 
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Unknown dynamic characteristics of the control process 
Gp=∂y(k)/∂u(k) in (5) may be replaced with the reference model 
function (3), while dependence of the controller output changes 
in the changes of output centroid is equal to the corresponding 
fuzzy basis functions: 
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Five linearly distributed gaussian membership functions have 
been determined for both SLFLC inputs e(k) and dy(k) (NB, NS, 
ZERO, PS, PB), fig. 4. 
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Fig. 4. Membership functions of e and dy of SLFLC  

Sl. 4. Funkcije pripadnosti za e i dy SLFLC kontrolera 

 

The variations in the parameters depending on the change in 
the sign of voltage fed to the valve are compensated by a fuzzy 
gain scheduling block. The FGS controller has two inputs and 
one output (Fig. 2). The inputs are error and desire position. The 
output of the fuzzy controller was added to the SLFLC controller 
output to make the control effort. Following this properties, the 
membership functions are designed.  

The reference position, xref
 
was used for tracking and the po-

sition of the piston, was considered to make a system error. As 
depicted in Fig. 2, the inputs are error and desire input. When 
the input to the controller is the error, the control strategy will be 
static mapping between the input and control signal. A dynamic 
controller has additional inputs, for example derivatives, inte-
grals, etc. These inputs are created in the pre-processor, thus 
making the controller multi-dimensional, which requires many 
rules and makes it more difficult to design. Following this, the 
inputs were defined as error and desire input.  
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Fig. 5. Membership functions of error FGSC. 

Sl. 5. Funkcije pripadnosti greške FGSC kontrolera 
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Fig. 6 Membership functions of desire input 

FGSC. 
Sl. 6. Funkcije pripadnosti zadatog ulaza FGSC kontrolera 

 
The error quantity was defined as the difference between the 

desired position and the position of the piston. Figure 5 indicates 
the membership function of error. Five membership functions 
were used to fuzzifier of the error. The membership function of 
the second input (desire input) of fuzzy controller is shown in 
Fig. 6. This input helps the controller to understand the direction 
of movement, so it can make the proper control effort. In the 
study, the special forms of trapezoid membership functions 
around of the maximum of extension and the minimum of retrac-
tion (0.2 and 0.4 meter) are used. The singleton membership 
function has the same performance. In this case, the number of 
the second membership function is equal to the number of de-
sired step heights of the input. There are four singleton-type 
membership functions of output. At the first, the membership 
functions of the extension and retraction were chosen independ-
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ently and then by trial and error in simulation mode of the pro-
posed functions are derived.  

Fuzzy rules provide a formal way of representing directives 
and strategies and often appropriate when domain knowledge 
results from empirical associations or experience. Rule-based 
systems are built upon a set of rules and use a collection of facts 
to make inferences.  

According to the input membership functions, a total of 
5×2=10 rules are needed to control the system. However, be-
cause a part of the rule does not occur in the practical test, the 
number of rules is decreased to 6 (Yousefi et al, 2006). The rules 
of the FGS controller are as follows:  
1-If (Error is N_B) and (Pulse id 0.2) then (output is Y4)  
2-If (Error is N) and (Pulse id 0.2) then (output is Y3)  
3-If (Error is Zero) and (Pulse id 0.2) then (output is Y2)  
4-If (Error is P_B) and (Pulse id 0.4) then (output is Y2)  
5-If (Error is P) and (Pulse id 0.4) then (output is Y1)  
6-If (Error is Zero) and (Pulse id 0.4) then (output is Y2)  

The control effort is a summation of the fuzzy outputs of 
SLFLC and FGS, so the output of the hybrid controller must be 
chosen in a way that oscillation is removed or minimized. De-
fuzzification is the process of producing a quantifiable result in 
fuzzy logic. There is the Centre of Area (COA) defuzzification 
method is used to make the outputs for the fuzzy controller. 
Fuzzy inference is the process of formulating the mapping from 
a given input to an output using fuzzy logic. The mapping then 
provides a basis from which decisions can be made. The process 
of fuzzy inference involves all of the subjects such as member-
ship functions, fuzzy logic operators, and if-then rules. There are 
two types of fuzzy inference systems, which are varying some-
what in the way that the outputs are determined. Sugeno inter-
face system is used.  

Simulation results 
The usage of the Matlab simulation software packages for 

modeling, simulation and optimization of control systems have 
become a part of regular engineering practice, both in the aca-
demic and industrial community. New features, such as possibil-
ity to generate a real-time executable code directly from the si-
mulation model and then its download into the target control 
hardware, enable shorter development times and faster validation 
of new control solutions. 

The SLFLC+I+FGSC controller has been tested in typical 
electro-hydraulic position control system. The simulation 
scheme of the electro-hydraulic position control system is shown 
in Fig. 2. The model is nonlinear and originally controlled only 
by a linear PID controller. The parameters of PID controller and 
FGSC controller are optimized through Simulink Response Op-
timization toolbox. 

In this section, the results of using the proposed controller 
and classical controller in tracking of the reference model for 
piston load are compared. The first considered is FGSC versus 
classical P controller. The desired input (xref) is a pulse input. To 
compare the results of simulation, piston tracking is considered. 
Fig. 7 shows that the fuzzy gain scheduling has very good per-
formances in extension and retraction movement. The proposed 
controller tracks the reference model very well. Performance 
FGSC are better than classic P controllers. 

Simulations have been performed with the simulated various 
change of the reference input xref=0.4 m. The desired perform-
ance indices of the reference model have been as follows: 
σm=0.5%, tm=0.1 and 0.05 s (sampling interval Ts is 0.001 s). 
Fig. 8 shows a step response for position control using PID, 
SFLC+I and SFLC+I+FGS controllers. 
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Fig. 7. Piston mass tracking using FGSC and P controller 

Sl. 7. Praćenje referentne vrednosti korišćenjem FGSC i P kon-
trolera 

 

The original system with a PID controller reaches the steady 
state after 80 ms, while the hybrid fuzzy controller enforces sys-
tem to reach the steady state after 50 ms. That proves that addi-
tion of the SLFLC parallel to the contribution of FGS controller 
to better quality of the system response.  
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Fig. 8. Step response for position control using PID, SFLC+I 

and SFLC+I+FGS controller 
Sl. 8. Odskočni odziv pozicionog sistema upravljanja pri 
korišćenju PID, SFLC+I and SFLC+I+FGS kontrolera 

 

The results suggest that the proposed controller is very fast 
and more accurate compared to the PID-controller in tracking 
the reference model. The comparison between the simulations 
results suggests that the proposed hybrid self-learning fuzzy plus 
fuzzy gain scheduling is operable controllers for electro-
hydraulic position systems.  

CONCLUSIONS 
The paper describes the application of the hybrid fuzzy con-

troller in an electro-hydraulic system. The architecture of the 
fuzzy controller is essential for overcoming the change in the 
systems dynamics during the extension and retraction tracking. 
The hybrid fuzzy controller consists of two function blocks cre-
ated for the Matlab+Simulink environment: first, a PD type self-
learning fuzzy logic controller (SLFLC), whose learning law is 
based on the usage of a reference model and a sensitivity model 
built with respect to the fuzzy controller parameters; and the 
other, a fuzzy gain scheduling controller (FGSC). The proposed 
controller was designed in a way that the speed of tracking for a 
pulse input is as fast as possible, so the application of a control-
ler is limited to the pulse inputs. The effectiveness of the hybrid 
SLFLC+I+FGSC has been demonstrated on the nonlinear simu-
lation model of the electro-hydraulic position control system. In 
the presented example of the control system, the SLFLC has 
been added in parallel to the FGS electro-hydraulic position con-
troller and the obtained results have confirmed a stable conver-
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gence of learning and significant improvement of the overall 
closed-loop system performance. The results suggest that the 
proposed controller shows good performance in comparison to 
the PID controller.  
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