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Abstract

A Fuzzy ARX (Fuzzy Auto-Regressive with eXtra inputs) model structure and corresponding fault feature extraction
is studied and a fault feature extraction approach for the hydraulic system of construction machinery based on Fuzzy
ARX model is proposed. Compared with classical ARX model, Fuzzy ARX model is capable to extract nonlinear
features. On the basis of target fault features, FCM (Fuzzy Clustering Means) is served as fault classifier and the
output of the FCM is the result of diagnosis. Several typical faults of hydraulic system were used to test the fault
diagnosis approach. Experimental results show that all the test faults were correctly identified, and the fault diagnosis
approach proved feasible and effective on construction machinery hydraulic system.
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1. Introduction

In order to meet the increasing demand of fast and efficient construction, mechanic and electric
technology has been widely employed on the excavator. Hydraulic system is becoming more and more
complex. Therefore, there is an important significance to develop an effective fault diagnosis approach for
the excavator’s hydraulic system.

Faults in an excavator’s hydraulic system can take many forms, such as pump faults, valve faults,
cylinder faults and so on. Hydraulic faults are generally sorted in several grades according to severity.
Complete failures and abrupt faults are comparatively easy to detect. Fault detection techniques related to
complete failures of control and equipment components of hydraulic system were proposed. Gradually
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generating faults are hard to detect early using limit-checking methods with simple residuals because fault
effects are often masked by control actions. On the other hand, the hydraulic system is nonlinear with
dynamic property. It is difficult to develop a fault feature extraction technique based on linear model[2,3].
Fuzzy ARX model has been proposed for the nonlinear process, which can effectively describe the
nonlinear property of a process [4]. The fuzzy ARX model is valid for dealing with data from dynamic
process. In this paper, an online fault feature extraction approach based on fuzzy ARX model was put
forward. This approach was effectively applied on SWES50 excavator and could accurately diagnose
faults.

2. Fault diagnosis approach
2.1. Structure of fuzzy ARX

Let us consider a single-input-single-output nonlinear system which can be configured as following
fuzzy relational equations

R': IFxis A", THEN y is B

R :IFxis4",THENyis B’

The system can be described by a system of disjunctive rules, we could decompose the rules into a
single aggregated fuzzy relational equation as follows

y=(xoR")AND(xoR*)AND
- AND(xoR")

Or
y=xoR
where, E:Iglﬂﬂljr

We can incorporate ARX model into fuzzy relational equations. The fuzzy ARX model can be written
as following equations

B':Fy(t-1) is B', THEN y(t)=—a,y(t-1)—---—a, y(t—n,)

+b11u(t—1)+-~+b,11bu(z‘—nb)+e1 (¢)

B": IFy(t-1) is B", THENy(t)=—alny(t—l)—---—a:ay(t—na)
+b{u(t=1)+--+b u(t—n,)+e"(¢)

above equations can be represented in an aggregated fuzzy relational equation as follows

(1) =B"(y(t=1))Op()+e()
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B(y(1-1)=[ a1y (y(t=1) sz, (v(2-1)) |
Then Equ. (4) could be simplified as follows

y(t)=9"(1)0+e(r) (5)
where, =B (y(1-1))®©.

2.2. Fault feature extraction approach

The fault feature extraction approach could be given as following steps:
(1) Define membership functions.
Five Gaussian membership functions were used to represent the output Y as shown in Figure 2.
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Figure 2. Memship function for the output )
(2) Define the fuzzy relational rules.
Fuzzy relational rules were consisted of five equations which can be given by
B': IFy(r=1) is B', THEN y(t)=—a\y(t=1)=---—a, y(t—n,)
+b]lu(l—1)+-.-+bI]7hu(t—nb)+€](t) (6)

B : IFy(¢—1) is B°, THEN y (1) =—=a;y(t=1)=---=a; y(t—n,)

+b15u(t—1)+---+b,fhu(t—nb)+es(t)
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(3) Establish the Fuzzy ARX model
We can establish a corresponding ARX model for each fuzzy rule. The parameters of fuzzy ARX
model is estimated by applying the least square method and is given by

N

=) (o -0 000 (0] St (D)0l 500) "

=1 t=1

and

65

(4) Extract the fault feature vector

Generally, dimension of parameter matrix is so big that fault classifier can not properly determine the
fault condition. To improve efficiency of fault diagnosis, we use weighted vector as the fault feature
vector as follows

= 0! cen 0’
f=10 +--+40 ©

where, 4 +---+ 4 =1.

3. Experiment

With the SWES0 experimental excavator, sample data is generated from three single fault cases
including piston wear, spool stroke and spool wear. The observation vector at time t, which is composed
of the variables from the simulation model, may be written as follows

x(1) =[P (1) P, (1), B (1).0, ()]

where P, and Q, are the pressure and the flow rate at pump outlet respectively. P, and P, are the
pressure at port A and port B of valve respectively. The fuzzy ARX model can be rewritten as follows

0, (t) =FARX1(Q, (t-1),0,(t=2),P,(t-1),P,(t-2))
P,(t)=FARX2(P,(1-1),P,(t-2),B, (t-1),P;(t-2))

With the SWES50 experimental excavator, sample data is generated from three target fault cases
including normal, piston wear, spool stroke and spool wear.Several test faults were introduced to verify
the classification performance of FCM clustering algorithm. A fault feature vector was incorporated into
the dataset of target faults at a time. Then FCM clustering algorithm was used to classify the test fault.
The classification result shows that all the test faults were correctly classified as shown in Table 2. The
fault diagnosis using fuzzy ARX and FCM proves feasible and effective on excavator’s hydraulic
system.A SWES50 excavator was used to verify the online fault detection approach. Experimental results
show that the proposed approach could be effectively applied to the fault extraction of the excavator’s
hydraulic system.
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Table 2 Output of FCM fault classifier

Target fault cases

No. Test sample Output
FO F1 F2 F3
(1)FO 0.842 0.000 0.598 0.188 0.966 FO
(2)F1 0.007 0.869 0.004 0.006 0.959 F1
(3)F1 0.007 0.746 0.001 0.005 0.952 F1
(4)F2 0.000 0.000 0.611 0.000 0.943 F2
(5)F2 0.258 0.000 0.745 0.006 0.920 F2
(6)F3 0.000 0.000 0.000 0.658 0.797 F3
(7)F3 0.000 0.000 0.001 0.520 0.894 F3

4. Conclusion

Aiming at the hydraulic system of excavator, a fault extraction approach using fuzzy ARX was put
forward in this paper. With this approach, fuzzy ARX models were developed using sample data for
target faults; Fault feature vector was extracted from the model; FCM clustering was used as the fault
classifier to sort the test fault to the target faults. The hydraulic system of SWES50 excavator was
developed to verify the fault detection approach. The proposed fault extraction approach was verified via
this experimental excavator. Experimental results show that the proposed approach could be effectively
applied to the fault detection of the excavator’s hydraulic system.

Acknowledgements

This work is a project supported by Scientific Research Fund of Jiangxi Provincial Education Department
under Grant No. GJJ11479. It is also a project supported by Huxiang Scholar Fund of Changsha
University of Science and Technology under grant No. 200807. Finally, the authors are grateful to
Qinghua He, Ying Jiang and Ping Jiang for helpful discussions on this topic, and valuable comments on
earlier drafts of this paper.

References

[1] J. M. Lattin, J. D. Carroll, and P. E. Greeen, Analyzing Multivariate Data. Beijing, Mechanical
Industry Press, 2003.

[2] D. Zogg, E. Shafai, H. P. Geering, Fault diagnosis for heat pumps with parameter identification
and clustering, Control Engineering Practice, 2006, 14-12, pp.1435-1444.

[3] Lennart Ljung, System Identification: Theory for the User(2nd Edition), Tsinghua University Press,
Prentice Hall PTR, 2002.

[4] M. Mahfoufa, S. Kandiahb, D.A. Linkensa, Fuzzy model-based predictive control using an ARX
structure with feedforward, Fuzzy Sets and Sstems, 2002, 125, pp.39-59.

953



