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Abstract 

Due to their specific features and applications among other industrial systems including mechanical, 
electrical and pneumatic systems, electro-hydraulic systems have widely been taken into consideration by 
the scientists and researchers. Because of the fact that an electro-hydraulic system is inherently a nonlinear 
system, it has some problems such as signals’ saturation, nonlinear efficiency, uncertainties caused by the 
compressibility, internal and external leakages, a dead band of the flow around the zero point, and the 
adhesion and friction. In this paper, we have focused on fault detection issues in an electro-hydraulic system 
based on the type-2 fuzzy systems. One of the most important theories proposed for the identification and 
control of the nonlinear systems is the fuzzy systems’ theory. Therefore, in this study and due to the 
nonlinearity of the electro-hydraulic systems, the use of type-2 fuzzy system of fuzzy systems’ theory is 
proposed. Type-2 fuzzy systems have a better performance capability than type-1 fuzzy systems. In this 
research, a residual signal generation method has been utilized for fault detection. Using type-2 fuzzy 
theory, the upper and lower bounds are estimated for the output, and in case of deviating the output graph 
of the system under control from this estimated band, the occurrence of fault can be detected. Eventually, 
the simulation results on the system under study determine the capability of the proposed method.  
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1- Introduction

Electro-hydraulic systems have widely 
been used in many industrial applications, 
including automotive industry, locomotives, 
power systems, and so on. The reason for this 
wide use is their reliability and rapid 
response. In recent years, many researches 
have been done on the electro-hydraulic 
systems in the fields of state estimation [1], 
fault detection and identification [1-4] and 
robust control [5] due to their good control 
performances. Thus, according to the place of 
electro-hydraulic systems in different 
industries, fault identification and detection 

issue is one of the significant topics that is of 
great interest to researchers. On the other 
hand, given that most industrial systems play 
a vital role in industrial units and the occurred 
failures will incur high costs to the industrial 
units; choosing a suitable method to identify 
and detect the fault seems very important and 
essential. The meaning of fault in a system, in 
fact, is an undesired change from the normal 
and standard state, at least in one of the 
features or characteristics of the system under 
control.  
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In order to apply the fault detection 
methods and its identification and control 
correctly, right modeling of the faults is very 
significant. As a matter of fact, in the 
modeling of the fault we should have a correct 
understanding of the physical relationships of 
the real systems and their mathematical 
model. There are several reasons for the 
occurrence of fault in the systems that can be 
classified into three categories: the faults 
caused by an incorrect design, the faults 
caused by malfunctions and faults caused by 
the wear-out. On the other hand, from the 
structural viewpoint, faults can occur in three 
parts: actuator, sensor, and the components of 
the system under control [6]. Fault in the 
actuator appears as the loss of total control 
signal or some part of it. Also, it can be 
derived from the fracture or disconnection of 
the coil, or the leakage in hydraulic systems 
connected to the actuator. Fault in the sensor 
can appear generally, such as cable 
disconnection, or partially as an increased 
noise or through existing some bias in the 
output of the system. Bias error means that 
there is always a fixed error between the 
actual and measured signals. Faults in the 
components of system under control emerge 
as a change in the internal parameters of the 
system, for example changing of the mass due 
to unintended release of a porter quad-rotor.  

Also the evolutionary steps for 
troubleshooting of the systems can be 
expressed as fault revelation, fault separation, 
fault occurrence, fault identification, and fault 
detection. In fact, fault detection is the 
revelation, separation and identification of 
the fault. Each of the stated items can be an 
appropriate context for the researchers. But in 

the present study, the objective is the fault 
detection of a nonlinear system.  

In recent years, several methods have 
been proposed for fault detection. Generally 
speaking, these methods are classified in 
three categories: signal-based, model-based, 
and intelligent methods. In the signal-based 
methods, usually one or more signals are 
processed. Since all the signals of a system 
have certain harmonics in the frequency, the 
occurrence of a fault can cause a harmonic in 
some intervals other than the predetermined 
intervals in the signal. In model-based 
methods, initially the system state equations 
are calculated and then using various methods 
such as parameters estimation, observer 
design and residual signal generation the 
system states’ variables are estimated 
regarding certain time intervals. In the 
intelligent methods of fault identification 
mainly using neural networks, fuzzy logic, 
evolutionary algorithms and other intelligent 
methods, and by combining them with the 
model-based and signal-based methods, we 
can address the problem of fault identification 
in the systems. 

In the current study, a model-based 
method based on the generation of a residual 
signal has been used for fault detection. In 
this method, in order to reveal the fault, a 
signal must be made which shows the 
presence or absence of the fault. Whenever 
the created signal is zero, it indicates the 
absence of the fault and the larger amount of 
this signal is indicative of a larger fault. In the 
fault detection method based on the residual 
signal, a model is considered on the basis of 
input and output signals and the physical rules 
governing the system. Residual signal, in fact, 
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is the difference between the original system 
and the modeled system. Figure 1 shows the 
overall strategy of the model-based 
troubleshooting. 

Fig. 1. Model-based troubleshooting scheme 
[7] 

It can be observed in Figure 1 that the first 
step is related to the creation of a proper 
model. Then, based on the obtained model 
and the normal behavior of the system, 
changes in these cases are evaluated 
compared to the normal mode.  

In order to detect the occurrence of a fault 
based on the generation of a residual signal, 
different methods such as nonlinear observers 
[8-10], adaptive observers [11, 12] and 
intelligent methods like fuzzy systems [13] 
have been used. The reason for the 
researchers' interest to this method for the 
fault detection is the simplicity in 
understanding and its implementation in 
practical applications.  
On the other hand, the actual and practical 
systems are inherently nonlinear, so linear 
systems are not that efficient to identify 

nonlinear systems. In this case, the 
researchers have used nonlinear or intelligent 
techniques. One of the useful strategies is to 
use fuzzy systems’ theory [14, 15]. Fuzzy 
systems are the systems with the precise 
definition and fuzzy control is a special type 
of nonlinear control. Fuzzy systems due to 
having membership functions with accurate 
membership degrees have a limited ability to 
reduce the uncertainty impact in fuzzy rules. 
However, the similarity of fuzzy systems to 
human behaviors, simple calculations and the 
robustness of this theory are considered as the 
advantages of this method. 

Fuzzy systems can be divided into two 
categories regarding membership degree: 
type-1 and type-2 fuzzy systems. 
Membership function of type-1 fuzzy system 
takes a value between 0 and 1, is a two-
dimensional function, does not include the 
membership of uncertainty and will allocate a 
separate membership degree to each input 
data. Meanwhile, type-2 fuzzy systems have 
fuzzy membership degrees; thus, these 
systems are also called fuzzy-fuzzy sets. 
Professor Zadeh in 1975 showed that type-2 
fuzzy systems faced with uncertainties and 
nonlinear factors work much better than type-
1 fuzzy systems [16]. Therefore, in the 
environments where uncertainty is high, type-
2 fuzzy systems are more considerable and 
usable. Recently, type-2 fuzzy systems have 
been widely used in system identification [17, 
18], fault detection and identification [19, 
20], fault control [21-23] and system control 
[24-26]. Since type-2 fuzzy systems’ theory is 
used in the present paper, in this part those 
papers have been considered and examined 
that focus on type-2 fuzzy systems. In [25] a 
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type-2 fuzzy controller has been used to 
control the direction of the movement and the 
height of a quad-rotor flying robot. The 
reason for the use of type-2 fuzzy controller 
in [25] is expressed as its robustness to 
environmental conditions and the effects of 
system's uncertainty and noise in the system 
performance, and this is shown by comparing 
the proposed method with type-1 fuzzy 
controller and PID controller. Authors in [26] 
have studied the issue of tracking and 
controlling the torque of mobile robot using 
type-1 and type-2 fuzzy theories. Reference 
[13] has addressed to the problem of fault
detection in type-2 fuzzy systems with
nonlinear sensor and generated a residual
signal for fault detection using an observer-
based filter. In [27, 28] the problem of fault
detection in nonlinear systems based on type-
2 fuzzy theory has been studied and the
proposed method is simulated for the two-
tank system.

In summary, it can be stated that in the 
present paper the fault detection in a 
nonlinear system using type-2 fuzzy method 
has been addressed. The overall structure of 
the paper is as follows: In part 2, type-2 fuzzy 
systems will be introduced briefly. Part 3 will 
express the way of fault detection based on 
type-2 fuzzy systems. Finally, the nonlinear 
electro-hydraulic system and also the 
capability of the proposed method on this 
system will be examined.  

2- Introduction of Type-2 Fuzzy Systems

As mentioned in the previous section,
type-2 fuzzy systems were introduced to 
reduce the effect of uncertainty in the 
systems. Figure 2 displays the overall 

structure of a type-2 fuzzy system (for more 
details see [29]). An interval type-2 fuzzy set 
can be defined as ܣሚ with the membership 
degree ߤ෨(ݔ) [29] : 
ሚܣ = ,ݔ)} ݔ∀|(ݔ)෨ߤ ∈ ܺ)} (1) 

In equation (1) we have 0 < (ݔ)෨ߤ < 1. We 
can define ܣሚ in a different form as below: 

ሚܣ = න
(ݔ)෨ߤ
௫∈ݔ

௫ܬ									 ⊆ [0,1] (2)

In equation (2), ݔ ∈ ܺ, and ܬ௫ are called 
the primary variable, the secondary variable 
and the primary membership degree, 
respectively. It should be noted that all of the 
secondary membership degrees of ܣሚ are equal 
to 1. One the other hand, when all of the 
secondary membership degrees in a type-2 
fuzzy set are equal to 1, type-2 fuzzy set is 
called the interval type-2 fuzzy set. Since the 
membership function of a type-2 fuzzy set has 
three dimensions, in order to have a better 
visualization of it, drawing the two-
dimensional domain is useful, as introduced 
as the uncertainty effect of type-2 
membership function. Because all secondary 
membership degrees of type-2 fuzzy sets is 
equal to 1, equation (2) can be rewritten as: 

ሚܣ =
1

(ሚܣ)ܷܱܨ
(3) 

Fig. 2. Structure of type-2 fuzzy controller [29] 
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In equation (3), FOU specifies the union of all 
the primary membership functions, and it can 
be defined as: 
ሚ൯ܣ൫ܷܱܨ =ራܬ௫

௫∈

= ,ݔ)} :(ݑ ݑ ∈  ௫} (4)ܬ

FOU is enclosed between two type-1 fuzzy 
membership functions determined by the 
lower and upper membership functions. The 
effect of uncertainty that is limited by an 
upper membership function UMF1 and a 
lower membership function LMF2, is shown 
in Figure 3.  

Membership degree of the upper membership 
function can be displayed by ̅ߤ෨(ݔ), ݔ∀ ∈ ܺ 
and the membership degree of lower 
membership function is displayed by 
,(ݔ)෨ߤ ݔ∀ ∈ ܺ and 

(ݔ)෨ߤ̅ = ݔ∀				ሚ൯തതതതതതതതതതതܣ൫ܷܱܨ ∈ ܺ (5) 
(ݔ)෨ߤ = ݔ∀				ሚ൯ܣ൫ܷܱܨ ∈ ܺ (6) 

Fig. 3. Interval type-2 fuzzy set [29] 

Notice that ܬ௫ is an interval set as: 
௫ܬ = ቄ(ݔ, :(ݑ ݑ ∈ ,(ݔ)෨ߤ̅]  ቅ  (7)[(ݔ)෨ߤ

Now if a rule (i-th rule) is considered for a 
type-2 fuzzy system with m input and one 
output, it can be rewritten as: 

ܴ: ଵܨ	ݏ݅	ଵݔ	݂ܫ  ݔ	݀݊ܽ…݀݊ܽ	
ܨ	ݏ݅   ܩ	ݏ݅	ݕ	ℎ݁݊ݐ	

(8) 

1 Upper Membership Function (UMF) 

3- Fault AULT Detection Using Type-2
Fuzzy System 

As previously mentioned, the objective of this 
study is the fault detection of nonlinear 
systems based on type-2 fuzzy method. In this 
section, the goal is to evaluate how to model 
the present nonlinear system based on type-2 
fuzzy method and generate a residual signal 
for fault detection. In the current research, the 
method of fault detection is a model-based 
method based on generating a residual signal 
that is summarized in Figure 1. In fact, in the 
fault detection method based on generating a 
residual signal, a confidence bound is created 
based on the estimated upper and lower 
bounds for the system output [30]. 
 The estimation of upper and lower bounds is 
done using type-2 fuzzy systems. In the 
designing of fuzzy systems in order to 
estimate upper and lower bounds, input-
output data are clustered using a proper fuzzy 
rule for each cluster [28, 31]. Clustering 
means partitioning a set of data into some 
separate subsets in such a way that the data 
existing in a cluster have some features that 
distinguish them from the data in other 
clusters. In this study, initially the input-
output pairs are divided into some clusters in 
terms of the distribution of input points; then 
input-output clusters are determined using the 
nearest neighboring clustering algorithm. An 
appropriate fuzzy rule is used for each cluster. 
Block diagram of fault detection using type-2 
fuzzy system based on generating the residual 
signal has been shown in Figure 4. 

2 Lower Membership Function (LMF) 
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Fig. 4. Block diagram of fault detection using 
type-2 fuzzy systems 

4- Simulation of Electro-hydraulic System

In this part, the nonlinear model of an electro-
hydraulic system presented in reference [2] 
has been examined. Figure 5 displays its 
overall schematics. 

Fig. 5. Schematic of the single-axis electro-
hydraulic servo system [2] 

The Dynamic model of the intended electro-
hydraulic system can be described as follows: 
ݔ̈݉ = ଵܲܣଵ − ଶܲܣଶ −  (9)ݔܾ̇

(ݔ̇)ܨ− + ሚ݂ 

ଵܸ

ߚ
ܲ̇ଵ = ݔଵ̇ܣ− − )௧ܥ ଵܲ − ଶܲ)  (10) 

)ଵܥ−	 ଵܲ − ܲ) + ܳଵ 

ଶܸ

ߚ
ܲ̇ଶ = ݔଶ̇ܣ + )௧ܥ ଵܲ − ଶܲ) (11) 

)ଶܥ−	 ଶܲ − ܲ) − ܳଶ 

In the above equations b is the damping 
coefficient of the model and the adhesion and 

friction forces. Fୡ is the modeled coulomb 
friction, fሚ denotes uncertainties caused by 
compressibility, V୧ = V୦ ± A୧x, i = 1,2 is 
the controllable volume of the first and 
second cylinders when x = 0, V୦ indicates 
the volume of ith chamber, A୧ denotes the 
chamber area (ith piston), βୣ is the volumetric 
coefficient, C୲୫ is the internal leakage 
coefficient, Cୣ୫୧ is the external leakage 
coefficient, and Q୧ denotes the input or output 
flow rate from the first and second cylinders. 
The values of all parameters have been 
presented in references [32] and [33]. Qଵ and 
Qଶ are the flows derived from the 
displacement of the electric valve x୴ which 
are specified with the following equations: 

ܳଵ = ݇భݔ௩ඥ∆ ଵܲ, 
(12) 

∆ ଵܲ = ൜ ௦ܲ − ଵܲ	݂ݎ	ݔ௩ ≥ 0
ଵܲ − ܲ	݂ݎ	ݔ௩ < 0 

ܳଶ = ݇మݔ௩ඥ∆ ଶܲ, 
(13) 

∆ ଶܲ = ൜ ଶܲ − ܲ	݂ݎ	ݔ௩ ≥ 0
௦ܲ − ଶܲ	݂ݎ	ݔ௩ < 0 

Fig. 6. Electro-hydraulic system in the control 
loop along with the fault detector and alarm 

creator blocks 
In this paper, x୴ has been considered as the 

control input, then to control the position of a 
wagon weighting m = 100	kg which is 
connected to a single-axis hydraulic actuator, 
a simple proportional controller u = 0.04x୴ 
has been used. Figure 6 displays the block 
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diagram of the closed-loop control signal 
used in electro-hydraulic systems. In this 
closed-loop system, the proposed controller is 
a dual-mode proportional controller. When it 
is needed to move the wagon towards right, 
cylinder 1 is filled and cylinder 2 is 
discharged, and contrary when the wagon 
moves towards left, cylinder 2 is filled and 
cylinder 1 is discharged. 
4.1. Numerical  Simulation 

As already mentioned, in this paper the 
model of an electro-hydraulic system has 
been simulated in the Simulink environment. 
Position of the wagon connected to the 
electro-hydraulic actuator is considered as the 
output. An input signal made up of several 
rising and falling steps, as shown in Figure 7 
has been applied to it and the wagon's 
position is plotted.  

 
Fig. 7. Displacement graph used in interval 

type-2 fuzzy identifier 

These input-output pairs have been used to 
identify an interval type-2 fuzzy model in this 
electro-hydraulic system. Upper and lower 
limits of the interval type-2 fuzzy system 
output are shown in the Figure above. These 
lines are plotted almost 0.2 millimeters upper 
or lower of the system response. In order to 
identify the system, sampling time is 
considered 0.1 milliseconds. So a million data 
are created in 100 seconds. The first 500000 

data are related to the time when the wagon 
moves towards right and the reference signal 
increases, and the next 500000 data are 
caused by the reduction of the reference 
signal, namely the wagon moves towards left. 
These data are used to generate the data files. 
These files contain the information about 
type-2 fuzzy systems. For them and in both 
cases of decreasing and increasing the 
reference signal, a band of 0.2 millimeters is 
considered for the allowed upper and lower 
bounds related to the position changes. These 
files have been used by Matlab functions to 
create ݕො௪ and ݕො signals. These functions 
have the responsibility of designing the 
optimal type-2 fuzzy system. Eventually, in 
Simulink environment a simulator program 
has been written that consists of some parts 
for the simulation of electro-hydraulic 
system, controller and the fault detector (with 
the aid of type-2 fuzzy system). Figure 8 
shows the system response in the presence of 
various faults that have occurred in the 
system at different times. Diagrams derived 
from the magnification of the diagram of 
Figure 8 are plotted in Figures 9 and 10 again. 

 
Fig. 8. System response to the reference signal 

in the presence of all types of faults  

In Figures 9-a and 9-b between the seconds 
11 to 13 and the seconds 41 to 43, an equal 
amount of leakage is considered in cylinder 1. 
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In Figure 9-a, the output of the system under 
control is got out of the interval assumed by 
the interval type-2 fuzzy model and the 
occurrence of fault has been detected. But due 
to the nonlinear nature of the system under 
control, in Figure 9-d the fault has less effect 
on the response of the system under control 
so the occurrence of fault is not detected (See 
Figure 11). 

 
Fig. 9. Magnification of Figure 2 (system 

response to the reference signal in the presence 
of all types of faults) 

In Figure 9-d, and between the seconds 16 to 
18 the same amount of leakage is considered 
in cylinder 2. This time because of the 
nonlinear nature of the system under control, 
the effect of fault occurrence is detected 
better. In Figure 9-c, at the same time, the 
occurrence of an equal amount of leakage is 
assumed in cylinders 1 and 2. In contrast to 
our imaginations, the simultaneous 
occurrence of the leakage fault in both 
cylinders are not neutralized each other's 
effect, but rather the closed-loop system is 
barely controlled and has been able to track 
the desired trajectory. However, according to 
Figure 11, the occurrence of this fault has also 
been detected very well. In ݐ =  it is ݏ	50.25
assumed that 30% of the tank pressure has 
reduced and in ݐ =  it has returned to ݏ	51.5
the initial state. 

 
Fig. 10. Magnification of Figure 2 (system 

response to the reference signal in the presence 
of all types of faults) 

 
Fig. 11. The first 45 seconds of residual signal 

and the created alarms 

According to the plotted diagram in Figure 
12, the occurrence of this fault is also detected 
in the components of the system under 
control. Next, it is supposed that in ݐ =  ݏ	77
an event has occurred in the sensor position 
attached to the moving wagon, so it shows 
just 50% of the measured value. The change 
in position is well specified. Given that when 
there is a fault in the sensor, the residual 
signal suddenly changes as shown in Figure 
12, so if the derivative of the residual signal 
reaches higher than a certain value, fault 
detection mechanism must be activated and 
the alarm must be issued. This time, again, 
fault detector has been operated very well and 
the occurrence of fault in the sensor is 
detected through a specific designed 
mechanism. 
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Fig. 12. (Continuation of Figure 5) residual 

signal and the created alarms 

The input (or output) flows of cylinders 1 and 
2 are plotted in Figure 13. The created 
changes during the occurrence of assumed 
faults are specified well.  

 
Fig. 13. Diagram of the controlled flow (entering 

the cylinders 1 and 2)  

In Figure, 14 diagram of the controlled 
pressure in cylinders 1 and 2 is plotted. The 
observed changes in the pressure diagram is 
derived from the difference in the inlet and 
outlet flow of the cylinders. The difference 
between these two pressures, namely the 
value of ଵܲ(ݐ) − ଶܲ(ݐ), causes the wagon 
displacement. During the occurrence of 
assumed faults, due to the control of wagon's 
position, the created changes are well 
specified in the diagram of ଵܲ(ݐ) − ଶܲ(ݐ). 
The diagram of ଵܲ(ݐ) − ଶܲ(ݐ) is plotted in 
Figure 14. 

 
Fig. 14. Diagram of the controlled pressure in 

cylinders 1 and 2 

5-  Conclusion 

In this paper a new method has been 
presented for fault detection based on type-2 
fuzzy sets. In this method, upper and lower 
bounds of the type-2 fuzzy system are 
estimated using optimal fuzzy functions as 
the confidence bound for the system output. 
The proposed method was applied on an 
electro-hydraulic system. The results showed 
that this method has detected all three types 
of faults occurred in this system, very well. In 
the continuation of this work, this method can 
also be applied on other more complicated 
systems. Type-2 fuzzy models are used to 
identify the system and then a narrow interval 
is obtained for the output signal. Using the 
upper and lower bounds for this interval, 
residual signal can be achieved. The results 
show that this method is well detected with all 
three types of faults occurred in two-tank 
system. It should be noted that this method is 
not proper for the simultaneous detection of 
the occurred faults. It means that this method 
is not capable of separating the occurred 
faults. In order to be able to separate the 
faults, the future works can be focused on the 
improvement of this identification method. 
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