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Abstract

This paper presents the application of extended Kalman filter (EKF) in order to identify leakage faults in hydrauli-
cally powered actuators. A hydraulic actuator can suffer from two types of leakages:. internal or cross-port leakage at the
piston seal and, external leakage at the shaft sea or the connecting pipes. An EKF-based estimator is constructed that
includes complete nonlinear models of hydraulic functions as well as inevitable stick-dip friction in the actuator. It is
shown that, firstly, under normal (no-fault) operating condition, the developed estimator closely predicts the states of
the system, using only a few basic measurements. Secondly, in the presence of leakage faults, the level of residual er-
rors between the estimated and the measured line pressures, increase significantly indicating the occurrence of faults.
Thirdly, different leakage types can be identified by mapping the residual errors changes. Experiments are performed on
alaboratory-based hydraulic actuator circuit. The results demonstrate the efficacy of the proposed EKF-based fault de-

tection scheme to promptly and reliably respond to actuator’s external and internal leakage faults.

Keywords: fault detection and isolation, extended Kalman filter, leakage, hydraulic actuators.

1 Introduction

Fluid power systems condition monitoring are earn-
ing more and more consideration to reduce the cost of
maintenance and prevent the system fault from further
deteriorating by detecting the fault in itsincipient stage.
One of the common faults associated with fluid power
systems, is the leakage of hydraulic fluid from the fit-
tings and lines that connect the components of the sys-
tem together, or leaks across the seals that alow rela-
tive motion between mechanical components (Skormin
et al, 1994). Leakage will cause inefficient performance
in a hydraulic system. With the leakage deteriorating,
the system will eventually break down. A sudden leak-
age could also trigger serious consequences when the
system is working with load and is aways a mgor
threat to machine operators. Depending upon whether
the hydraulic fluid is lost to the atmosphere or is dissi-
pated to another location within the hydraulic circuit,
leskage may be classified as external or internal, re-
spectively.

The focus of this paper is on hydraulic actuator
leakage fault detection. Two types of leakages were
considered. The first type is internal (cross-port) leak-
age of fluid across the actuator piston seal that closes
the gap between the moveable piston and the
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cylinder wall. Although no fluid islost from the circuit,
the dynamic performance of the system is affected
since portion of the flow delivered to the actuator is
unable to push the piston against the load. The net ef-
fect of cross-port leakage is to increase the damping
characteristic of the actuator as the degree of leakage
increases (Karpenko and Sepehri, 2004). In the case
where the piston seal fails completely, the actuator will
lose the ahility to effectively manipulate the load. Wear
of the seals separating the actuator rods and the cylin-
der results in leakage of hydraulic fluid to the atmos-
phere. This type of external leakage results in a slug-
gish response. External leak could aso be dueto failure
of a hydraulic supply line or connections between the
valve and the actuator’s chambers.

A great deal of work has been carried out on devel-
opment of fault detection and isolation (FDI) systems
in the past decade. A detailed survey on existing tech-
niques has been summarized by Isermann (1997). As
far as the application to the highly dynamic and nonlin-
ear hydraulic systems is concerned, Skormin et a
(1994; 1995) constructed a linear model for an electro-
hydrostatic flight actuation system in which leakage in
the hydraulic pump, fault in the control valve, changes
in the bulk modulus, and fault due to excessive friction
were studied via only simulations. In their work, the
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system’s equations were linearized and represented by
an autoregressive with exogenous inputs model. Using
asimilar parametric approach, Song and Sepehri (2002)
successfully showed a possible way for detecting pump
failure when the hydraulic system operates under peri-
odic input signals. No leakage fault detection was con-
sidered in their paper. Alternatively, Tan and Sepehri
(2002) applied the Volterra nonlinear modelling con-
cept to implement an FDI scheme in hydraulic actua-
tion systems. By constructing a parametric space,
changes in the supply pressure or hydraulic compliance
and actuator leakage faults were detected. However,
systems with various faults must be emulated and
Volterra models must be developed beforehand. This
may not be feasible from the application view point.

Artificial neural networks (ANN) have aso found
their applications in the general area of FDI. Within the
context of fluid power systems, Crowther et a (1998)
presented an output vector space classification ap-
proach for incorrect pump pressure fault, increased load
dynamic friction and cross-port leakage fault diagnosis
in a hydraulic actuator. They showed that the internal
leakage can be isolated from the other two faults. How-
ever, external leakage type was not considered in their
research. Le et a (1998) detected and identified inter-
nal and external leakages for an electrohydraulic actua-
tion system using a multi-layer perception ANN and,
by working with only the pressure transient responses.
The importance of their work was the ability to dis-
criminate between different types of leakage faults es-
pecially when involving multiple leaks. However, sev-
eral neural models, corresponding to various fault types
and levels, needed to be trained based on data obtained
from the system undergoing various leakage types and
flow rates.

Fault detection schemes based on state-space analy-
sis have aso been under consideration, and various
nonlinear observers have been developed for this pur-
pose (see the survey by Frank, 1994 and the references
therein). To name a few, Khan et a (2002) applied a
nonlinear observer to detect incorrect supply pressure
in a typical hydraulic actuator. The actuator velocity
was the only measurement in their work. Yu et a
(1994) developed a bilinear fault detection observer for
a hydraulic motor-loading system to detect the pump
shaft speed sensor fault as well as changes in the effec-
tive viscous coefficient. Based on only simulation re-
sults, they showed that the proposed scheme is effec-
tive in detecting these faults. No leakage fault was con-
sidered in their study. Built upon the work by Yu et a
(1994), Preston et a (1996) simulated the performance
of a nonlinear observer to detect changes in the spool
valve displacement, pressure across the motor and mo-
tor angular speed. Isolation of the above faults, how-
ever, was shown to be difficult.

The application of Kalman filter (KF) in the field of
FDI is relatively new. Being a computationally intense
agorithm, KF has been widely applied only after the
rapid development of high-speed low-cost computers
(Haykin, 2001). As an important extension of KF, ex-
tended Kalman filter (EKF) linearizes the model of the
nonlinear system about the latest estimates; thus, it can
closely track the state tragjectories for nonlinear sys-
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tems. Khoshzaban et al (1999) showed the feasibility
and advantage, over other existing techniques, of ap-
plying an EKF-based agorithm towards intelligent
monitoring of a two-stage proportional flow control
servovalve. An and Sepehri (2003) developed an EKF-
based scheme capable of detecting the incorrect supply
pressure fault and experimentally verified that the
scheme could effectively detect a pressure change of
less than 10% of the nomina value. Chinniah et a
(2003) showed that the bulk modulus and the viscous
damping coefficient of a hydrostatic actuation system
could be correctly estimated, in sequence, using EKF.
From the above papers, it is noted that a general ap-
proach for fault detection and isolation in nonlinear
fluid power systems is complicated to develop. Also,
the actuator leakage fault detection has not yet received
enough attention. Karpenko and Sepehri (2004) devel-
oped a fault tolerant control scheme for a hydraulic
servo-positioning system with a faulty actuator piston
seal that causes internal leakage. They showed that
implementing a fault tolerant control scheme allows the
closed-loop performance to be maintained despite the
internal leakage until the system can be safely shut
down and the faulty seal replaced. Although its impor-
tance was discussed, the paper did not consider the
identification of level and type of |eakage.

In this paper, we develop and experimentally evalu-
ate, for the first time to our knowledge, a scheme that
employs EKF to identify various leakage type faults in
an electrohydraulic actuator. Externa leakage from ei-
ther side of the actuator, and cross-port |eakage between
the two chambers are considered. In the present work,
these faults are assumed to occur singly, but exist in a
multiple-fault environment. By comparing the actuator
chamber pressures that are easy to measure with the cor-
responding estimates from the EKF model, information
regarding the actuator leakage fault conditions is estab-
lished. No model of the actuator leakage is used in the
EKF-based fault detection scheme. Furthermore, no prior
knowledge about the faulty behavior of the actuator is
required in the work. Finaly, the EKF moddl takes into
account the actuator stick-dip friction, which is com-
monly present in any hydraulic system. The proposed
FDI scheme is verified through experimenta studies.
The experiments reported in this paper were also per-
formed in simulations to confirm that the observations
made from the experiments truly reflect the nature of the
scheme. The accuracy of the smulation program had
been previoudly verified. Only results from the experi-
ments are shown here, since the simulation results are
consistent with the experimental observations.

2 Description of Test Rig

The experimenta setup is shown in Fig. 1. The sys-
tem is powered by a motor-driven hydraulic pump,
which offers continuous and stable high-pressure hy-
draulic fluid for the actuator. The actuator is a double-
rod cylinder and its movement is controlled by a Moog
D765 servovalve. The valve is controlled by a high-
speed PC equipped with a data acquisition board and an
encoder card. When operating at 20.7MPa, the ser-
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vovalve can supply the actuator with hydraulic fluid at
a rate of 34L/min. However, in the experiments, the
actual operating pressure is set to be 13.8MPa. All con-
trol algorithms are implemented on a high-speed PC.
The displacement of the actuator is obtained by arotary
optical encoder via a Metrabyte M5312 quadrature in-
cremental encoder card. The displacement resolution is
approximately 0.03mm. Other necessary system state
variables are measured by transducers mounted on the
hydraulic circuit and transmitted to a DAS-16. The data
acquisition board that also transmits control signals to
the servovalve.
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Fig.1: Hydraulic test station on which all experiments
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Fig. 2. Leakage faultsin the actuator

Besides the main circuit, the test rig also includes a
set of auxiliary circuits to simulate leakage faults of
interest. Figure 2 shows the manner in which the inter-
nal leakage between the two chambers of the actuator
cylinder and, the external leakage at either side of the
cylinder are artificially introduced. The internal leakage
is ssimulated by bypassing fluid across the piston. This
is achieved by connecting the two chambers of the ac-
tuator and controlling the flow by an adjustable needle
valve (see Fig. 2). The flow rate is measured using a
positive displacement flow-meter (JVA-KL series by
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AW Company) with a 7.6 L/min range and accuracy of
+0.5% of actual reading at 30 cst. To simulate the ex-
ternal leakage, a portion of the fluid flow from either
side of the actuator, is bypassed to the reservoir by ad-
justing the appropriate flow control valves. The output
of the external leakage flow control valves are meas-
ured using similar positive-displacement flow-meters.
The leakages are denoted as g4, and g, representing
externa leakages from the chambers 1 and 2, respec-
tively, and q; representing internal (cross-port) leak-
age between the two chambers.

3 System Model

Understanding the dynamics of the system, under
normal operation, is essential to the problem under in-
vestigation. Using a linear orifice area gradient, w, the

spool displacement, Xg, is related to the flows out of

(gy) and into (g, ) the servovalve as shown below
(Merrit, 1967):

2
Q.= Cd\NXsp ;(ps - pl)

> 3
4z =CdWXspW/;(p2 - Pe)

2
O, =CdWXsp ;(pl - pe)

>0 1)

2
4z =Cd\NXsp ;(ps - P2)

C, isthe orifice coefficient of discharge, and p repre-

sents the density of the hydraulic oil. Pressure variables
are shown in Fig. 2. Continuity equations for the hy-
draulic flows between the servovalve and the actuator,
in the presence of no leakage, are

0 = AX+ lV1(X) 2}
4 @
qz = AX—Evz(X) P2

X represents the actuator displacement and g is the
effective bulk modulus of the hydraulic fluid. V;(x)
and V, (x) arethe volumes of the fluid trapped in either

chambers of the actuator and expressed by the follow-
ing equations:

{vl(x) =V + A(X= Xpin)

. ®
Vo () =VF + AX = X)

where V,° and V, are the volumes of hydraulic fluid
trapped in the corresponding supply pipes; Xy, and
Xmax @re positions of the ram in its fully retracted and
fully extended position, respectively. The dynamic rela-
tion between the servovalve input signa, u, and the
spool displacement, X, is expressed as a typical linear
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second-order system:

2
! 5 X + i Xsp +ixsp 4
kspwn kspa)n k

u=

where w, isthe natural frequency, K, isthe gain, and

d,, is the effective damping ratio. In the absence of

loading, the actuator dynamics can be represented by
the following relation:

fa=(P-P)A=mx+F, ©)

In Eq. 5 m is the total inertia, and F, denotes the

actuator seal friction force. In a hydraulic actuator, due
to the high fluid pressure, the seals friction is substan-
tial and could reach up to 30% of the total driving force
(Lischinsky et al, 1999). Various models have been
developed to model the friction. A typica stick-slip
friction model was proposed by Karnopp (1985) and
was applied by some researchers (Sepehri et a, 1996).
Other models, using state-space representation (Canu-
das-de-Wit et al, 1995) and empirical models (Kwak et
al, 1999; Bonchis et al, 1999) were aso developed. In
this work, a series of experiments were performed on
the test rig to determine the friction characteristic for
the actuator under investigation. Figure 3 shows the
experimental plot of steady-state (zero-acceleration)
actuator force, representing F¢, at each velocity. The
following improved Karnopp model (Laval et al, 1996)
was found suitable to represent this plot:

i

Fo=[fy - (fg - fy)1-e ?)]l—’_‘|+d>'< =0
X

F=f, fa<fqy & %=0 (6)
fo=fy & X%=0

fy and fy represent static (stick) and dip frictions,
respectively. Factor a is the constant that decides the
decay ratio of the dlip friction. d is the combined coef-
ficient of modeled damping and viscous friction forces.
Note that Eq. 6 also includes a model of the stick fric-
tion that includes Stribeck effects.
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Fig.3: Measured steady-state actuator force versus velocity

Discretizing Eq. 1 to 6, using forward difference
method, and defining state vector

X, =[%(K), %K), %K), %(K), x5(K), %(K)]" =
[Xp: P Por X X %17

the following nonlinear discrete state-space model of
the hydraulic system is obtained:
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X (K + 1) =Txg(K) + % (K)

T8 2
V(g (i L@ () =2 (Ps = 3 (K)
Xo(k+D) =1 A ()] + Xz (k) % (k) >0
5 2
A CAC) R PR
= Axg (K)] + X, (K) % (K)<0
T8 3 _
Vo0x oy oy (6l = pe)
gk s 1=l W00 >0
T8 E B
V(g (o Gty (Ps = x5 ()
+ Axs (K)] + X3 (k) ¥ (K)=0

X (K +1) = Txg (K) + X, (K)
X5 (K +1) =Im[Ax2(k) = Ax3(K) = Fe (k)1 + x5 (k)

Xe (K +1) = T[-2d 0, X6 (K) = 02 X(K) + Kgoiu(k +1)] + x4 (k) (7)

where
%K)
Fe(k)=[fy - (fs - fgy)@-e 2 )Isgn(x5(k))
+adxs(K)  [x5(K)|>V. ®)
Fo(k)=f, f,<fy & |x5 (K)| < V.
Fo(k)=fqy fo=fy & |x5 (K)| < V.

T represents the sampling time. v, denotes the break
away velocity, which is set to avoid numerical prob-
lems. It is set to 0.001my/s.

4 EKF Fault Detector

Extended Kalman filter and derivation of its equa-
tions can be found in many literature including refer-
ences by Jazwinski (1970) and, Welch and Bishop
(2001). Here, only the final equations are provided.
Given the following nonlinear system,

{Xk =f (Xp, U, Wieq)
zy =h(Xy, Vi)

©)

where f() and h(-) are nonlinear functions describing
the system state vector, X, , and the measurement vec-

tor, z, . u, istheinput vector of dimensionr. w, and
Vv, , ae the process and measurement noise vectors,

respectively. The EKF is then grouped into two stages:
Sage one: time update equations (prediction):

{2; =f(%;_1,U,,0)

(10)
P = AkPk+—1A-kr + Wka-lwkT

Sage two: measurement update eguations (correc-
tion):

Ky =P|:HI(HkP1:HI+VkRkaT)4
X =X, +K (z, -h(X,0)) (11)
Pe=(-KH)P
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X, and X, are the a priori and the a posteriori es-
timates of the system states, respectively. Ky is known
as the Kalman gain. Py, Qx and Ry are the covariance
matrices related to the state vector, x, , process noise
vector, wy, and measurement noise vector, v, respec-
tively. Ax, Hx, Wy, Vi are the Jacobian matrices, ele-
ments of which are updated at each sampling time ac-
cording to the following equations:

_ afm 3"{”
Klijl — UL (¥ PN '
) (Rf1.U¢.0) e (3%.0)
of . ah.
[i] i]
Kijl = () (12)
s ,ui.0) (.0

EKF generates a segquence of estimated state vec-
tor, X, , given the measurements, z, , at each sampling
time. Selected elements of the estimated state vector
are then compared with the corresponding measure-
ments to compute the state estimation error, e, . Under
the normal operating condition, the state estimates of
the EKF closely converge to the system states at each
sampling time; thus, the residual errors, g, stay at rela-
tively low level, reflecting only the estimation errors
and/or modelling uncertainties. However, when a fault
occurs, one or more of the system parameters changes
(i.e., the characteristics of the system change). Theo-
retically, discrepancy lies between the faulty system
model and the EKF modél that is designed based on the
healthy system. Due to this discrepancy, the estimation
of the EKF on a specific system state or states diverges
from the actual state trgjectory. By tracing the variation
of residual errors, faults can be detected. Meanwhile,
by observing the patterns of the change in the residual
errors, faults can be identified.

Figure 4 shows the configuration of the proposed
system. The measurements of ram displacement, x, and
the two actuator chamber pressures, p; and p,, are used
along with the control signa, in the EKF. By observing
the variation of the moving average of the residua er-
rors, pertaining to the chamber pressures only, leakage
fault types are identified. Note that although the actuator
displacement measurement was not used to determine
the level and type of leakage, its use in the EKF scheme
was necessary to prevent impaired estimation when no
faults were present.

X Py P,

u Plant ) ystem
measurements

+ pl’ p2
) e Resica
) errors

P P,

EKF LR Filter
estimator estimation

Fig. 4. Leakage fault identification scheme
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A few comments about the calculation of Jacobian
and covariance matrices are presented in the ensuing
discussion. With reference to Fig. 4 and Eqg. 9,

zy =[X(K), py(K), P2 (K)]" ; thus,
000100
H,=/0 1 0 0 00 (13)
001000

The elements of matrix Ay, in Eq. 12, are obtained
from Eq. 7 and 8. For example, the fifth row of matrix
A that represents the dynamics of the actuator with
friction, is obtained as follows:

|5 ()|

TA TA U= 0 g

01_1_5051_
m m a

(14)
|%5(K)| > V.

[0,0,0,0,1,0]

TA TA
0,—,—,0,10| f.=f, & K)=v,
[ m'm l} azlyg |X5( )| \Z

fo<fy & |X5(k)|sva

covariance matrices Q and Ry are considered constants
assuming noises are stationary, white and Gaussian.
Further, it is assumed that the noise characteristics of
different system state variables are independent of each
other. Thus, both Qx and Ry are diagonal, and the val-
ues of their elements should be estimated prior to the
experiment. Finaly, it can be drawn from the assump-
tions of the noise vectors that the Jacobian matrices of
Wy and V are unity matrices.

5 Experimental results

Experiments were carried out on the test rig shown
in Fig. 1, to evaluate the leakage fault identification
strategy described in Section 4. The parameters of the
experimental test rig, used in the EKF model, are sum-
marized in Table 1. Values of these parameters were
obtained directly from manufacturer’s data, by careful
experimental measurement, and through comparisons
between the results of nonlinear simulations and ex-
perimental trials. For example, the values of dip fric-
tion (fg) and stick friction (f4) were obtained from the
experimentally obtained graph of Fig. 3. The vaue of
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Table1: Hydraulic test rig parameters

A (m?) 633x107° Kep (M/V) 40.6x107° P, (Pa) 13.79x10°
m  (kg) 10.0 w, (Hz) 100 S (Pa) 689x10°

X min (M) 0.0 dn 0.7 p (kg/m?) 847

Xmax (M) 0.606 VP, V2 (m) 21.4x107 C, 0.6

d (Ng/m) 350 P, (Pa) 0.0 w (m?%m) 20.75x1073
fq (N) 1100 fs (N) 2200 a (m/s) 0.6

B, reported in Table 1, has been taken from Merritt
(1967). Alternatively, estimation of critical parameters
of the system can be made using the EKF (see Chinniah
et a, 2003).

The initial state vector, X; , and the covariance ma-
trix, Py , can be accordingly set to the expected values

(Haykin, 2001). In practice, Py can be set to a suffi-
ciently positive-definite matrix that is diagonally sali-
ent. Here, Py was set to be a diagonal matrix with

Ppij) =10%. The values for the state estimates were ini-

tialy set to zeros except for the line pressures which
were set to half of the pump pressure, i.e, X; = [0,
6.8x10°% 6.8x10° 0, 0, O]".

In order to produce a good convergence rate, the de-
termination of covariance matrices, Qx and Ry, was
based on a combination system noise analysis, consid-
eration of modelling uncertainties and a comparison
between the ssimulation and experimental results. Hav-
ing a precise model of the servovalve, the estimation of
the spool displacement was very close to the actual
measurement. Therefore the influence of the process
noise in the spool displacement measurement can be
almost neglected, which is finally determined as
10"°m. Similarly the uncertainty of the chamber pres-
sures was estimated by observing the error between the
simulation results and the actual experiments given the
same inputs for the servovalve. The matrix Q is given

as Q=diag[10™® 10° 10% 10°% 107% 107%9] .
The measurement noise variances were determined as

10°m for the ram displacement, and 10°Pa for the
chamber pressures. Thus, the matrix R is given as
R=diagflo2 10% 10%).

For al the tests reported here, a sinusoidal input
signal with a frequency of 0.5Hz and amplitude of 3V,
was applied for 40s to test the scheme. The external
leakage on either side of the actuator cylinder aswell as
the internal leakage between the two cylinder chambers
were introduced by opening the bleed valves mounted
on corresponding bypasses (as was described earlier).
For every test, the system started under normal operat-
ing condition. At approximately 18 seconds into the
operation, various leakage faults were introduced by
manually adjusting the bleed valves. For each leakage
type, two levels of leakages, low and high, were tested.
The sampling time was T=0.001s.

Figures 5 to 8 show the results of the first test in
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which an external leskage, gy, , was introduced in

chamber 1. The plot of the leakage is given in Fig. 5.
As is seen, due to the dynamics of the system, gy iS

not constant. Thus, in order to quantify the leakage
level, for comparison purposes only, a coefficient of
leakage is defined here. Thompson et a (1999) sug-
gested the piston seal leakage can be modeled as a tur-
bulent orifice flow. Merritt (1967) suggested a linear
relation between the internal and the external |eakages,
and the corresponding pressure differentials. Here, we
use the latter definition. Thus, the externa leakage
coefficient at chamber 1, ky, , is defined as

Qa1
Ky = ——o1 (15)
(- Pe)

From Fig. 5, the mean value of leakage coefficient
isfound to be ky; = 1589 x10™**m%¥s-Pa with the stan-

dard deviation of oy, =3.787x107®* m¥/sPa. Figures

6 to 8 compare the measurements with those estimated
by extended Kaman filter. The average of the errors
over a moving window of data is used for detecting
faults. The moving average of the errors, e, is calcu-

ilell

lated from e, ==¥="_ where the size of the data, n,
n

for calculating the moving average was 4000 (sampled
at 1000Hz) in this work. From Fig. 6, it is seen that the
actuator started to drift once the leakage fault was in-
troduced. This is expected due to the leakage at cham-
ber 1, which reduced the power to equally push the
piston to either side. However, the error between the
displacement measurement and the one from the Kal-
man filter remained the same (and so did the moving
average) even dfter the introduction of the external
leakage fault. Thus, little information can be obtained
by observing the displacement plots in the presence of
externa leakage fault and given the scheme proposed
here. However, with reference to Fig. 7, it can be seen
that the residual error of pressure, py, is small during
the no-fault period; but once the fault is introduced in
the system, the estimated pressure diverges from the
actual measurement. The subplot for the moving aver-
age of the residua error between the measured and the
estimated chamber 1 pressure, shows that it increased
an average of 1.251x10°Pa for an average leakage of
0.583L/min. Figure 8 shows that moving average error
of chamber 2 pressure did not change even after the
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leakage was introduced.

Due to the symmetric structure of the actuator cyl-
inder and the rod, the performance of the EKF in the
presence of external leakage fault in chamber 2 is simi-
lar to that of chamber 1. Figure 9 and 10 show the ex-
perimental results related to the externa leakage fault
introduced in chamber 2. Figure 9 shows plots of the
leakage fault and the corresponding displacement re-
sponse. The mean coefficient of external leakage in
chamber 2, Ky», was estimated, following asimilar rela

tion asin (15), as ky, = 1676x10? m*/s-Pa with stan-

dard variance oy, =3457x107** m¥sPa. From Fig.

10, it is seen that the moving average of the residual
error for the pressure at chamber 2, changed from an
average of 0.903x10°Pa to approximately 2.2x10°Pa
within a short period of time. However the moving av-
erage of the residua error at chamber 1 did not change
significantly after the fault had occurred.

The third test was to observe the response of the
EKF-based fault detector to the interna leakage. The
internal leakage flows from the higher-pressure cham-
ber to the lower pressure chamber of the actuator. This
leakage was simulated by adjusting the needle valve
mounted on the bypass that connected the two cham-
bers of the actuator as was described earlier. Figure 11
shows plots of the displacement and the internal leak-
age given a sinusoidal input voltage similar to the pre-
vious tests. The average leakage coefficient was de-

termined to be k;, = 8854x 10 m¥s-Pa with the stan-

dard deviation of o, = 3.242x1072m®/sPa. Exploring

the experimental results shown in Fig. 12, it is observed
that the moving average of the residual errors of both
chamber pressures increased (0.560x10°Pa and
0.902x10°Pa for chambers 1 and 2, respectively) with
the introduction of an internal leakage of ~0.825L/min.

The above typical tests clearly show that by observ-
ing the residual error of the chamber pressures one
could identify the occurrence of various leskage faults.
The increase of the residua error of one of the cham-
bers only, indicates the occurrence of the external |eak-
age in that chamber. However, when the cross-port
leakage occurs, the residual errors for both the chamber
pressures increase.

The last test was to investigate whether different
levels of leakage faults can be distinguished. Figure 13,
14 and 15 show the results of implementing three types
of leakage faults. Table 2 shows the leakage fault levels

Table2: Leakage faults parametersin open loop mode

applied. The variation of the residua errors related to
the change of leakage flows is also shown. This set of
experiments demonstrates the level of sensitivity of the
EKF-based fault detector scheme introduced in this
paper. For example with reference to Fig. 13, it is seen
that with the increase of the level of external leakage at
chamber 1, the moving average of the residua error of
the An and Sepehri (2003) developed an EKF-based
scheme capable of detecting the incorrect supply pres-
sure fault and experimentally verified that the scheme
could effectively detect a pressure change of less than
10% of the nomina vaue. Chinniah et a (2003)
showed that the bulk modulus and the viscous damping
coefficient of a hydrostatic actuation system could be
correctly estimated, in sequence, using EKF. From the
above papers, it is noted that a general approach for
fault detection and isolation in nonlinear fluid power
systems is complicated to develop. Also, the actuator
leakage fault detection has not yet received enough
attention. Karpenko and Sepehri (2004) developed a
fault tolerant control scheme for a hydraulic servo-
positioning system with a faulty actuator piston seal
that causes internal leakage. They showed that imple-
menting a fault tolerant control scheme allows the
closed-loop performance to be maintained despite the
internal leakage until the system can be safely shut
down and the faulty seal replaced. Although its impor-
tance was discussed, the paper did not consider the
identification of level and type of leakage.

In this paper, we develop and experimentally evalu-
ate, for the first time to our knowledge, a scheme that
employs EKF to identify various leakage type faults in
an electrohydraulic actuator. External leakage from
either side of the actuator, and cross-port leakage be-
tween the two chambers are considered. corresponding
chamber pressure increases. Figures 14 and 15 illustrate
consistent observations with respect to the leakage at
chamber 2 aswell asinternal leakage, respectively. The
experiments also reveded that in average, residual
pressure errors less than ~1.05x10°Pa must be consid-
ered normal.

Note that although the actuator displacement meas-
urements is not employed to decide on the type and
level of leakage, in this study, its use in the EKF
scheme was necessary to prevent impaired estimation
in the present of no fault.

External leakage External leakage

chamber 1 chamber 2 Internal |eakage
Leakage level Low High Low High Low High
Mean value of the eakage coefficient | ; gqq 3334 |1676 |4257 8854 | 11503
(m°/s'Pa) x10
Standard deviation (m®/s) x10* 3.787 8.419 3.457 10.760 32.410 41.339
Average changein residua errors
Chamber 1 pressure (Pa) x10° 1.251 2.519 0.082 0.357 0.560 1.091
Chamber 2 pressure (Pa) x10° 0.121 0.345 1.323 2.949 0.902 1.449
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leakage shown in Fig. 9: (a) displacement, x; (b)
chamber 1 pressure, Py; (c) chamber 2 pressure, P,
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Fig. 10: Moving average of residual errors given external
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Fig. 11: Ram displacement and internal leakage, introduced
at t=18s, between the two chambers
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Fig. 12: Moving average of residual errors given internal
leakage fault as shown in Fig. 11: (a) displacement,
x; (b) chamber 1 pressure, Py; (c) chamber 2 pres-
sure, P,

Leakages (L/min)

T T T
‘5 | | | I I
£ o S S A
= | | | \\/ﬁ\HJ—JN\ﬁ
K 2 A
5 N R N
< 2****7***7****\****/7 ****************
£ I I I | I I I
R e . *ﬁ/***‘r***\ﬂ****\****f****
= | L | |

0 1 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40

Time (s)

Fig. 13: Response of leakage fault detector to different fault
levels: (a) external leakage in chamber 1; (b) mov-
ing average of residual pressure errors in chamber
1 (dashed line - High leakage, solid line - Low
leakage)
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Fig. 14: Response of leakage fault detector to different fault
levels: (a) external leakage in chamber 2; (b) mov-
ing average of residual pressure errorsin chamber
2 (dashed line - High leakage, solid line - Low
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Fig. 15: Response of the leakage fault detector to different
fault levels: (a) internal leakages; (b) moving aver-
age of residual pressure errors in chamber 1; (c)
moving average of residual pressure errors in
chamber 2 (dashed line - High leakage, solid
line - Low leakage)

6 Conclusions

This paper documented, for the first time*, the di-
agnosis of experimental actuator leakage faults using
extended Kalman filter in a hydraulically-powered ac-
tuator. A fault-free model of the nonlinear hydraulic
functions coupled with a comprehensive model of the
actuator dry friction, that includes stick-dlip friction and
Stribeck effect, was first derived. With only three low-
cost measurements, i.e., actuator displacement and line
pressures, the constructed EKF-based fault detector

* Remark of Editor-in-Chief: This method has been already verified
in experiment, e.g. Abbas Kazemi-Moghaddam. 1998. Early fault
detection and diagnosis of an electrohydraulic linear drive system.
Thesis (PhD). Technical University of Darmstadt. Germany. Pu-
blished in german language: “Fehlerfriherkennung und -diagnose
eines elektrohydraulischen Linearantriebssystems”.
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was experimentally shown to successfully identify ex
ternal and internal leakage faults in the actuator. It was
shown that according to the residua errors obtained by
monitoring the chamber pressures only, different pat-
terns can be obtained, which can be used to detect leak-
age faults at the early stage. Particularly, it was ob-
served that the magnitude of the change of the residual
errors, caused by the leakage faults, increase propor-
tionally with the increase of fault levels. Thisis signifi-
cant since it allows the progress of the |eakage flows to
be monitored. In its present form, the approach de-
scribed in this paper can be used towards manua con-
dition monitoring of hydraulic systems with respect to
actuator’s leakage faults. Future work would involve
further examination of the sensitivity of the scheme to
leakage faults as well as robustness in the presence of
unknown loading conditions. Development of an on-
line scheme to continuously detect the health of the
system is another challenging future project.
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