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Abstract 

Applications of fast Fourier and wavelet transforms to detect internal leakage in hydraulic actuators are experimen-
tally compared. By analyzing the dynamics of the actuator, it is shown that the internal leakage increases the damping 
characteristic of the system and decreases the Bode magnitude of pressure signal over valve displacement, around the 
hydraulic natural frequency. This is further confirmed, by decomposing the original pressure signal, using either trans-
form methods, and identifying the frequency component sensitive to internal leakage. The root mean square of the pro-
cessed pressure signal is used and a comparison of the two transforms is made to assess their ability to detect internal 
leakage fault using only pressure signal obtained from either open-loop or closed-loop systems. The results indicate that 
both approaches can detect internal leakage without a need to explicitly include the model of the actuator and/or the 
leakage. It is further shown that the wavelet transform method is found to be more sensitive to the internal leakage than 
the approach based on fast Fourier transform.  
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1 Introduction 

Hydraulic systems play an important role in a wide 
variety of industrial applications: robotics (hydraulic 
manipulators used in mining and underwater explora-
tion), manufacturing (precision machine tools), aero-
space (actuation of aircraft control surfaces) and train-
ing (flight simulators). Reliability and safety are im-
portant issues in most of the above applications. Thus, 
condition monitoring of fluid power systems is earning 
more and more consideration to reduce the cost of 
maintenance and prevent the system from further dete-
riorating. Faults in fluid power systems and methods 
for detecting them have been documented by Watton 
(2007). This paper focuses on the internal (cross-port) 
leakage in hydraulic actuators. Internal leakage is 
caused by the wear of the piston seal that closes the gap 
between the moveable piston and the cylinder wall. As 
a result, the hydraulic fluid is displaced between the 
two chambers of the actuator. Internal leakage affects 
the dynamic performance of the system since all of the 
flow provided is not available to move the piston 
against the load. Often, it cannot be detected until the  
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actuator seal is completely damaged and the actuator 
fails to respond to a control signal. Research on actua-
tor internal leakage fault identification, in spite of its 
importance, is still limited. Tan and Sepehri (2002) 
applied the Volterra nonlinear modeling concept for 
on-line fault diagnosis in hydraulic systems. 

By constructing a parametric space, actuator leakage 
faults were detected. The technique is similar to the work 
by Le et al. (1998) who employed neural networks and 
dynamic feature extraction technique to classify leakage 
type and level. In both studies, systems with various fault 
types (including internal leakage) were emulated 
(through simulations or via experiments) and Volter-
ra/neural network models were developed apriori. An 
and Sepehri (2005) studied the use of extended Kalman 
filter (EKF) to detect actuator internal leakage fault. 
They further extended this work to include both friction 
and loading as unknown external disturbances (An and 
Sepehri, 2008). Although the requirement of using a 
model for internal leakage was removed (An and 
Sepehri; 2005, 2008), the need for knowing the model of 
hydraulic actuator and its parameters still remained a 
challenge. In order to overcome the difficulties associat-
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ed with modeling nonlinear hydraulic systems, a linear-
ized model with an adaptive threshold (to compensate 
for the error due to linearization) was used by Shi et al. 
(2005) to detect internal leakage fault. Motivated by de-
veloping a method that relies less on models of the sys-
tem or fault, Yazdanpanah and Sepehri (2009, 2010a) 
showed the successful application of wavelet transforms 
(WT) toward identification of internal leakage for the 
class of valve-controlled hydraulic actuators. Using a 
structured input signal to the valve, the pressure signal at 
one side of the actuator was decomposed into both 
scaled and shifted versions of a mother wavelet to detect 
internal leakage. Performance of the method was suc-
cessfully tested in experiments. The method was further 
extended to on-line detection, whereby the actuator is 
under load and position-regulated (Yazdanpanah and 
Sepehri, 2010b). More recently, Yazdanpanah and 
Sepehri (2012) studied the application of empirical mode 
decomposition (EMD) technique for internal leakage 
detection and compared its performance with WT. They 
showed that while EMD is more sensitive to leakage 
level, WT required smaller computational time than the 
EMD method.  

In this paper, we present new results pertaining to the 
application of another signal-based technique, the fast 
Fourier transform (FFT), for internal leakage detection in 
hydraulic actuators. This work is a significant extension 
of preliminary work reported earlier by the authors 
(Yazdanpanah and Sepehri, 2010c). The Fourier trans-
form breaks down a signal into constituent sinusoids of 
different frequencies and amplitudes. Having small 
computational time and capability to extract the most 
prevalent frequency components of a signal, makes this 
method attractive for some applications. Al-Ammar et al. 
(2008) used FFT for fault detection in transformer im-
pulse test. Lim et al. (2006) used FFT residuals of the 
vibration signals for the purpose of fault detection in 
induction motors. FFT and WT approaches were also 
compared in some fault detection applications. Gao et al. 
(2003) employed wavelet transform (WT) for on-line 
hydraulic pump health diagnosis. They showed that WT 
was more sensitive and robust than the spectrum analysis 
approach, in detecting faults associated with hydraulic 
pumps (Gao et al., 2005). Cusido et al. (2008) applied 
short-time Fourier transform (STFT) and wavelet de-
composition, to investigate fault detection in induction 
machines and concluded that wavelet analysis achieves 
better results. To the best of the authors’ knowledge, 
there is no published report on comparing FFT and WT 
approaches for internal leakage detection in valve-
controlled hydraulic actuators. Thus, the second goal of 
this paper is to compare the efficacy of these two ap-
proaches within the context of internal leakage fault de-
tection. This comparison is necessary because one can 
think that the calculation of the amplitude of the fre-
quency band can be made very straightforward and with 
precision using the FFT approach. Thus, it may not be 
necessary to use other tools such WT if FFT works well. 
Identification of small leakages, ease of implementation 
and sensitivity to fault levels are key features for this 
comparison. Additionally, it is known that wear of the 
actuator cylinder and the seals that cause internal leak-
age, also changes friction properties of the actuator, 

which subsequently affect the dynamic performance of 
the system in a manner similar to internal leakage, 
(Skormin et al., 1994). Mechanical friction can also 
change during operation in response to changes in the 
temperature or lubrication. Isolation of internal leakage 
in the presence of changing friction properties can be 
challenging. Thus, the third objective of this paper is to 
study the effect of changes in friction characteristic of 
the actuators on performance of both proposed WT- and 
FFT-based internal leakage fault diagnosis techniques. 

The rest of this paper is organized as follows. Sec-
tion 2, describes the experimental system. Modeling of a 
typical valve-controlled hydraulic actuator with internal 
leakage is provided in Section 3. The effect of internal 
leakage on the Bode magnitude of pressure signals 
around the hydraulic natural frequency is discussed justi-
fying the choice of sub-band informative signals sensitive 
to the effect of internal leakage for use by fast Fourier and 
wavelet transforms. Section 4 provides a brief description 
of FFT and WT signal processing methods followed by 
Section 5 that describes how both FFT and WT are exper-
imentally compared towards internal leakage detection. 
The focus is placed on offline detection of internal leak-
age where a structured (stationary) input signal is directly 
applied to the controlled valve. This is another reason one 
might think using FFT can be good enough for this appli-
cation. The effectiveness of fast Fourier and wavelet 
transforms towards on-line internal leakage detection is 
also examined by applying a pseudorandom reference 
position input to a loaded position-controlled actuator. 
Conclusions are provided in Section 6. 

2 Experimental System 

The photograph of the test-rig, on which all the ex-
periments were carried out, is shown in Fig. 1. The 
actuator is a double rod type having a 610 mm (24 in) 
stroke, 38.1 mm (1.5 in) bore diameter, and 25.4 mm  
(1 in) rod diameter. It is controlled by a high perfor-
mance Moog D765 servovalve. The actuator is pow-
ered by a pump operating at a nominal pressure of 
17.2 MPa (2500 psi). The position of the actuator is 
measured using a cable-driven optical rotary encoder 
and is monitored by a PC via a Keithley M5312 quad-
rature incremental encoder card. The PC is also 
equipped with a DAS-16F input/output board that is 
used to send the input signal generated by the software 
to the valve. The DAS-16F is also used to monitor the 
outputs of all other instruments, which includes a num-
ber of pressure transducers and several flowmeters. As 
illustrated in Fig. 1, the piston seal leakage is emulated 
by opening a ball valve that connects the two chambers 
of the actuator. This allows hydraulic fluid to be by-
passed across the piston. The level of leakage is con-
trolled by adjusting a needle valve.  

The amount of internal leakage flow rate is meas-
ured by a positive displacement flowmeter (JVA-KL 
series by AW Company) with a 7.6 L/min range and an 
accuracy of 0.5 %. The flowmeter, however, cannot 
measure the direction of flow. In order to emulate in-
creased actuator friction, two slave cylinders are cou-
pled to the main actuator as shown in Fig. 1. 
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Fig. 1: Experimental Test-Rig 

3 Modeling and Analysis 

Schematic of a valve-controlled hydraulic actuator 
is shown in Fig. 2.  

 

Fig. 2: Schematic of valve-controlled hydraulic actuator 

The equations that describe the dynamics between 
control valve input u and the piston position xp can be 
formed as (Merritt, 1967): 
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Referring to Eq. 1, the system states are actuator 
position xp, actuator velocity vp, line pressures P1 and 
P2 and valve spool displacement and velocity (xv,vv). 
Parameters m and d are the mass of the load and the 
effective viscous damping of the actuator, respectively. 
Parameter Arefers to the annulus area of the piston,  is 
the effective bulk modulus of the hydraulic fluid, V is 
the volume of fluid contained on either side of the actu-
ator when it is centered. The valve spool dynamics are 
expressed as a second-order lag where kv is the valve 
spool position gain and, parameters wv and represent 
the servovalve natural frequency and damping ratio, 

respectively. For a valve with a critically-lapped spool 
and having matched and symmetrical orifices, flows q1 
and q2 through the valve follow the turbulent orifice 
equation. The nonlinear governing equations can be 
written in the following forms: 
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In (2)
2

v vK C


 , where Cv is the valve orifice co-

efficient of discharge,  is the density of hydraulic fluid 
and sgn(*) is the sign function and sgn(0) = 0. Parame-

ter w is the area gradient, and supply pressure is denot-
ed by Ps.  

Leakage is a kind of non-ideality that cannot be 
modeled exactly (Garimella and Yao, 2005). Here, the 
actuator internal leakage is assumed to be turbulent, 
and thus follows the following relationship:  

 l i 1 2 1 2sgn( )  q K P P P P  (3) 

Ki is the leakage coefficient whose value depends 
on the level of leakage fault. Note that ql is zero for an 
actuator under normal operating condition. However, 
when the piston seals begin to wear, leakage of hydrau-
lic fluid across the sealing surfaces occurs. Table 1 
shows the values of the parameters used in the nonline-
ar model, which matches the ones in the experimental 
test rig (An and Sepehri, 2005; 2008). 

Table 1: Parameters of hydraulic actuator 

Parameter Symbol Value 

Supply pressure Ps 17.2 MPa 

Combined mass of  
piston and rod 

m 12.3 Kg 

Viscous damping  
coefficient 

d 250 Ns/m 

Actuator stroke L 0.6 m 

Piston area A 633 mm2 

Volume of fluid in  
either side of actuator 

V 234 cm3 

Valve orifice area  
gradient 

w 
20.75 

mm2/mm 

Valve spool position 
gain 

kv 0.0406 mm/V 

Valve flow coefficient Kv 
0.0292 m3/2 

/kg1/2 

Valve natural frequency wv 150 Hz 

Valve damping ratio  0.7 

Fluid bulk modulus  689 MPa 
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Referring to (1), the first four equations collectively 
describe the nonlinear dynamics of the actuator, while 
the last two ones describe the valve spool dynamics. By 
linearizing the nonlinear dynamics of the actuator about 
an operating point, o, the linearized equations are ob-
tained: 
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In (4),  denotes a perturbation from the operating, 
e.g., xp = xp - xp0. K1f  and K2f  are flow gains: 
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K1p and K2p are called flow-pressure coefficients: 
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Note that in deriving the above linearized model, 
we used the assumption that the variation in the dis-
placement is quite small (Merritt, 1967), i.e., 

pV A x
 
 

This assumption was necessary to make the theoret-
ical analysis manageable. Furthermore, for an equal 
area actuator driven by a matched and symmetrical 
valve, the pressure in one cylinder half rises above Ps/2 
while the pressure in other cylinder half decreases be-
low Ps/2 by roughly the same amount. Thus, for an 
extending stroke, the individual cylinder pressures are 
P1 ≈ 1/2(Ps + PL) and P2  ≈ 1/2(Ps - PL) where, PL = P1 - 
P2 is the load pressure. Due to the relationship between 
P1 and P2, it is quite often the case that K1f ≈ K2f  = Kf 
and K1p ≈ K2p= Kp (Merritt, 1967; Karpenko, 2008).

 
The 

transfer functions relating pressures P1 and P2 to 
spool valve displacement, xv, can now be found as: 
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In (7) and (8), 
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By studying the transfer functions (7) and (8), it is 
seen that the internal leakage adds damping to the dy-
namics of the actuator and this effect intensifies as the 
leakage level increases. Given the purpose of this pa-
per, it is important to also capture the frequency range 
within which the pressure signal is sensitive to the in-
ternal leakage. The Bode plot of the transfer function 
(7) is therefore, plotted in Fig. 3, given the parameters 
in Table. 1. The Bode plot of transfer function (8) dis-
plays the results for normal operating condition (Ki = 0) 
as well as for the actuator with internal leakage, 

( 8 3
i 5.83 10 m / Pa  sK   ). As one can see, internal 

leakage changes the Bode magnitude around the hy-
draulic natural frequency, h, which is found to be 
70 Hz for the system under investigation. Thus, FFT 
and WT based techniques that support frequency based 
behavior and possess analytical strengths to extract 
specific frequency range, are good choices for the ap-
plication in this paper. 

 

 

Fig. 3: Bode plot of transfer function relating pressure to 
valve displacement for normal and leaky actuator 
(Yazdanpanah and Sepehri; 2010c) 

4 Methods of Data Processing 

4.1 Fourier Analysis 

Fourier analysis breaks down a signal into constitu-
ent sinusoids of different frequencies. The method can 
be categorized as continuous Fourier transform (CFT) 
or discrete Fourier transform (DFT). The Fourier trans-
form of a continuous time signal, x(t), is defined as: 

 -jwt( ) ( )X w e x t dt




   (9) 
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X(w) is a complex decomposition of the original 
signal x(t), into constituent exponential functions at 
each frequency  and j is the imaginary unit. The dis-
crete Fourier transform, on the other hand, converts a 
sampled time representation of a signal into a sampled 
frequency representation. It results in a frequency ver-
sus amplitude relationship. The discrete Fourier trans-
form is given as follows: 

 
N-1

-2πjnk/N

k=0

[ ] [ ] 0,1,..., 1X n x k e n N    (10) 

where x[k] is the original signal, N is the length of the 
original sampled signal vector. DFT can be computed 
efficiently in practice using a fast Fourier transform 
algorithm (Proakis and Manolakis, 2007). 

4.2 Wavelet Analysis 

The wavelet transform (WT) decomposes a signal 
into levels (also known as scales) with different time 
and frequency resolutions. As opposed to Fourier anal-
ysis that breaks up a signal into sine waves of different 
frequencies, wavelet analysis breaks up a signal into 
shifted and scaled version of the original (mother) 
wavelet. The detailed descriptions of wavelet transform 
can be found in references by Daubechies (1992) and 
Vetterli and Herley (1992). Briefly, WT can be contin-
uous or discrete. The continuous wavelet transform 
(CWT) of a signal )(tx  is defined as: 

 a,bCWT( , ) ( ) ( )a b x t t dt



    (11) 

where 

 
1/2

a,b ( ) ( )
t b

t a
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The mother wavelet (t)  L2(R) can be a complex-
valued function. The parameters (a,b  R) are the 

‘scaling’ and ‘shifting’ parameters, respectively. 2/1
a  

is the normalized value of a,b(t) to ensure the length of 
a,b(t) is the same as (t). For most practical applica-
tions, the wavelet coefficients are discretized by a fac-
tor of 2mn for shift and by a factor of 2m for scaling. 
Equation 11 can then be written as:

 
 -m/2 -mDWT( , ) 2 ( ) (2 )m n x t t n dt





    (13) 

where m and n are integers. To implement DWT, the 
well-known ‘multiresolution signal decomposition 
technique is used. The process starts by applying the 
low-pass filter (LPF) and high-pass filter (HPF) on the 
original signal, ][nx , decomposing it first into high and 
low frequency components, a1[n] and d1[n], respective-
ly. The decomposition process is continued, with suc-
cessive approximations being decomposed in turn, so 
that the original signal is broken down into many lower 
resolution components.  

 

5 Results and Discussion 

As was mentioned earlier, internal leakage intro-
duces damping to the dynamics of the hydraulic actua-
tion system and alters the transient response of the 
chamber pressures. Here, the sub-band informative 
signals sensitive to the effect of internal leakage, are 
obtained by decomposing the original pressure signal at 
one side of the hydraulic actuator using both fast Fouri-
er transform and wavelet Transform. The effectiveness 
of both approaches is compared. 

5.1 Experiments with Structured Input Signal  

First, a periodic (± 1.5 V, 0.5 Hz) square wave sig-
nal was applied to the servovalve as the input, which 
caused the actuator to move back-and-forth (see Fig. 4). 
This type of input is suitable for off-line applications as 
it is simple and includes low and high frequency com-
ponents allowing rich excitation of the pressure signals 
from which, one can observe the effect of internal leak-
age. Fig. 4 shows typical pressure responses, given the 
periodic input signal described above. This input signal 
is kept the same for all offline tests. The sampling rate 
at which the data were collected was 500 Hz. 

 

 

Fig. 4: Pressure signals in chambers one and two, given a 
periodic square wave input signal and under nor-
mal operating condition 

Next, an internal leakage was introduced given the 
same input signal as before. Plot of typical leakage is 
shown in Fig. 5. The corresponding pressure signals are 
plotted in Fig. 6. Note that internal leakage alters the 
transient responses in the line pressures, which can be 
detected by carefully comparing the pressure signals in 
Fig. 4 and 6. As the internal leakage value becomes 
smaller, however, the difference between healthy and 
faulty original pressure signals is less noticeable. There-
fore, the original pressure signals cannot provide suffi-
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cient information to easily support the actuator health 
diagnosis when the size of leakage is small; they must be 
processed to form more informative sub-band signals. 

 

Fig. 5: Plot of internal leakage flow (mean value of ≈1.1 
L/min) for actuator with faulty seal, given a period-
ic square wave input signal 

 

Fig. 6: Pressures in chambers one and two of hydraulic 
actuator with internal leakage shown in Fig. 5 

 

Fig. 7: Fast Fourier transform of chamber one pressure 
signal for actuator under normal operating condition 

The results of applying FFT to chamber one pres-
sure signal under normal and faulty (due to internal 
leakage) operating conditions are shown in Fig. 7 

and 8, respectively. From these plots, the feature fre-
quency band is identified to be in the range of 65 to 
85 Hz. This is consistent with the frequency band de-
termined by the Bode plot in Section 3.  

These results are also in-line with the simulation re-
sults obtained using the model represented by the state-
space Eq. 1 and documented in Yazdanpanah and 
Sepehri (2010c). Figures 9 and 10 illustrate the first 
four detail signals obtained from the pressure in cham-
ber one under normal as well as faulty operating condi-
tions. Daubechies 8 wavelet (Daubechies, 1992) has 
been used as the mother wavelet. Daubechies wavelets 
are compactly supported with external phase and high-
est number of vanishing moments for a given support 
width (Daubechies, 1992; Ukil and Zivanovic, 2006). 
Furthermore the associated scaling filters are mini-
mum-phase. Thus, from the view point of implementa-
tion, Daubechies wavelet is a good choice for this ap-
plication (Yazdanpanah and Sepehri, 2010a). Also, a 
high order mother wavelet is better to avoid overlap-
ping between two adjacent frequency bands (Cusido et 
al., 2008).  

 

Fig. 8: FFT of chamber one pressure signal for actuator 
with internal leakage 

 

Fig. 9: First four detail signals of chamber one pressure 
signal for actuator under normal operating condition 
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Note that wavelet transform splits the frequency 
spectrum into specific frequency bands. The frequency 
bands depend on the sampling frequency, fs, as shown 
in Fig. 11. The highest band, sweeping the frequency 
from fs/2 to fs/4, belongs to level one decomposition. 

For the next decomposition level, this frequency 
range is divided by two. Referring to Table 2, it is obvi-
ous that with four-level of wavelet decomposition, a 
wide range of frequency can be covered including the 
frequency range of interest (65 - 85 Hz) represented by 
coefficient d2. Furthermore, by comparing Fig. 9 and 10, 
it is observed that the wavelet coefficient d2 changes the 
most, as compared to other coefficients. To facilitate 
comparison, the root mean square (RMS) values of the 
processed pressure signal by FFT for frequency band of 
(65 - 85 HZ), and the wavelet coefficients are calculated. 
The results are shown in Table 3. From the results, one 
can observe that the wavelet coefficient, d2, is more sen-
sitive to the effect of internal leakage than the other 
wavelet coefficients or the index calculated by the FFT 
method. 

 

Fig. 10: First four detail signals of chamber one pressure 
signal for actuator with internal leakage 

In order to verify the consistency of the results pre-
sented so far, the test rig was run 18 times under nor-
mal operating condition as well as small and medium 
leakage situations at various times. 

 

Fig. 11: Frequency range covered by detail coefficients 

Table 2: Wavelet frequency bands for sampling rate 
of 500Hz. 

Decomposition levels Frequency bands (Hz) 

d1 250 - 125 

d2 125 - 62.5 

d3 62.5 - 31.25 

d4 31.25 - 15.625 

Table 3: RMS values of FFT and four-level wavelet 
detail coefficients from the measurement of 
chamber one pressure for normal actuator and 
actuator with internal leakage shown in Fig. 7. 

RMS indices 
Healthy 
Actuator 

Faulty 
Actuator 

Percentage 
of changes 

FFT Method 
(65-85 Hz) 

7.01 5.08 27.5 

WT Method 
(d1) 

61 51.2 16 

WT Method 
(d2) 

157.8 79.2 49.8 

WT Method 
(d3) 

93.8 72.4 22.8 

WT Method 
(d4) 

106.8 102.9 3.6 

 
The small leakage (of average 0.124 L/min) that 

was introduced in this test caused a reduction of 
 2.6 % of the available flow rate to the actuator. The 
medium leakage was of average 0.808 L/min and 
caused an average reduction of  17 % of the available 
flow rate. The average values, reported here, were tak-
en over the entire 18 tests.  

 

Fig. 12: Scaled RMS values of FFT spectrum obtained from 
healthy actuator and actuator experiencing small 
and medium leakages with mean values of 0.124 and 
0.808 L/min. The baseline was chosen as the mini-
mum RMS value obtained from the healthy actuator 

 

Fig. 13: Mean RMS and standard deviations taken over all 
experiments using FFT 

fs/2 fs/4 fs/8 fs/16 f

Detail Detail Detail 
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The scaled RMS values using FFT spectrum in the 
frequency range of interest are shown in Fig 12. Scaling 
was done by dividing the RMS values by the maximum 
one to facilitate the comparison. The minimum of RMS 
values obtained from the FFT under normal operating 
condition is chosen as a baseline to facilitate comparison. 
The mean RMS values (from all experiments) as well as 
standard deviations of the data for normal, small and 
medium leakages are shown in Fig. 13. The results first-
ly show that the RMS values of the FFT spectrum of the 
pressure signal, in the frequency band of interest, reduc-
es with the level of internal leakage. Secondly, the varia-
tion of the RMS values over the entire tests is less, as the 
leakage level increases from no leak to medium leak. 
The scaled RMS values of detail coefficients, d1, d2, d3 
and d4, obtained from the chamber one pressure signals, 
at various runs, are shown in Fig. 14 to 17, respectively.  

 

Fig. 14: Scaled RMS values of detail coefficient, d1, ob-
tained from healthy actuator and actuator experi-
encing small and medium leakages with mean val-
ues of 0.124 L/min and 0.808 L/min, respectively 

 

Fig. 15: Scaled RMS values of detail coefficient, d2, ob-
tained from healthy actuator and actuator experi-
encing small and medium leakages with mean val-
ues of 0.124 L/min and 0.808 L/min, respectively 

For all these plots baselines were chosen as the min-
imum RMS value obtained from the healthy actuator. 
From the results, it is seen that the differences between 
the RMS values for no leak condition and the RMS val-

ues associated with small and medium internal leakages 
are more noticeable using detail coefficient d2. The mean 
values as well as the standard deviations of the data for 
normal, small and medium leakages are shown in 
Fig. 18. The results show that the RMS values of the 
wavelet coefficients obtained from the pressure signal 
reduce with the level of internal leakage and the varia-
tion of the RMS values over the entire tests is less, as the 
leakage level increases from no leak to medium leak. 
The change in the standard deviation of the RMS values 
is believed to be due to the fact that as the internal leak-
age increases, the effect of damping becomes more dom-
inant masking the effect of dry friction in the form of 
stick-slip friction that is considered to be somewhat ran-
dom from experiment to experiment. 

 

Fig. 16: Scaled RMS values of detail coefficient, d3,obtained 
from healthy actuator and actuator experiencing 
small and medium leakages 

 

Fig. 17: Scaled RMS values of detail coefficient, d4, ob-
tained from healthy actuator and actuator experi-
encing small and medium leakages 

The percentage of changes of the mean values related 
to small and medium leakages (over the entire tests) 
from the mean value of normal operating condition are 
shown in Fig. 19, using both FFT and WT techniques. It 
is clearly observed that, as compared to FFT method, the 
WT technique is more sensitive in detecting internal 
leakage. For example, with reference to Fig. 12 and 15, 
small leakage is identifiable 80 % of the times (given the 
baselines used from the healthy conditions) using WT 
and only 30 % of the times using FFT.  
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Fig. 18: Mean RMS and standard deviation taken over all 
experiments for wavelet coefficients, obtained from 
healthy actuator and actuator experiencing small 
and medium leakages 

 

Fig. 19: Sensitivity of FFT and WT for actuator experienc-
ing small and medium leakages with mean values of 
0.124 L/min and 0.808 L/min, respectively 

 

Fig. 20: RMS values of FFT spectrum obtained from healthy 
(no leak) actuator with increased friction 

Furthermore, a paired t-test has been conducted for 
the differences between the baseline value and the RMS 
values obtained from both FFT and WT methods and, 

for both small and medium leakage values. A p value 
(probability value) of 0.001 was obtained confirming 
that WT works better for internal leakage detection than 
the FFT. Note that a p value less than 0.05 indicates that 
the hypothesis is true (Schervish M. J., 1996). 

Remark 1 - As mentioned before, internal leakage is 
the result of seal wear which also influences the friction 
property of the actuator. To the best of authors’ 
knowledge, there is no report on the influence of fric-
tion changes on internal leakage fault detection tech-
niques prior to this work. Here, we study the effective-
ness of both FFT and WT for internal leakage detection 
of a hydraulic actuator with changing friction proper-
ties. By coupling the slave cylinders to the main actua-
tor, the sliding friction of the actuator can be increased 
from 258 N to 400 N. With reference to Fig. 20 and 21, 
the test rig was run 10 times under normal (no leak) 
operating condition using the actuator coupled with 
slave cylinders (representing increased friction).  

 

Fig. 21: RMS values of detail coefficient d2 obtained from 
healthy (no leak) actuator with increased friction 

 

Fig. 22: RMS values of FFT spectrum obtained from actua-
tor with low and high friction 

As one can see all the RMS values are above the 
corresponding baselines. Therefore, we can conclude 
that both methods are not sensitive to the changes in the 
friction (in the range for which the experiments were 
performed), which is desirable for the purpose of our 
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investigation. Next, the effect of increased friction 
when there is an internal leakage is studied. The trend 
of RMS values with respect to leakage levels, are illus-
trated in Fig. 22 and 23 for both FFT and WT schemes. 

For this reason, WT is quite sensitive and very ef-
fective to capture the internal leakage fault even in the 
presence of friction. FFT on the other hand, due to its 
nature of losing the time information of the signal, can-
not work as well as WT. This is verified from Fig. 22 
and 23. 

We can see that, when using WT, the RMS values 
noticeably decrease with internal leakage for both nor-
mal and increased friction. This is due to the fact that 
internal leakage contributes to changing the transient 
response of the pressure signal (Le et. al, 1998), while 
friction can alter both the steady-state as well as the 
transient responses of pressure signal. The detail coef-
ficient, d2, having support both in time and in frequen-
cy, focuses on the changes in the transient pressure 
response (abrupt changes) where internal leakage is 
most influential, and ignores the steady-state effect 
where friction also contributes.  

 

Fig. 23: RMS values of detail coefficient d2, obtained from 
actuator with low and high friction 

Remark 2 - Note that both methods operate on spe-
cific frequency area that relates to resonant peak fre-
quency, which can change in real applications as a result 
of changes in specific parameters of the system. Thus, 
the issue of robustness of the techniques to the changes 
of resonant peak frequency becomes important for opti-
mal detection. Two of the parameters that influence the 
peak frequency and can change with time or temperature 
are effective bulk modulus and friction. Figure 24(a) 
shows typical Fourier transform of chamber one pressure 
signal for the actuator under normal operating condition 
(similar to Fig. 7). Figure 24(b) shows a similar plot for 
the same normal actuator, but after many hours of opera-
tion to allow the temperature of the hydraulic fluids to 
rise. From this figure it is seen that, due to changes in 
some system parameters (as a result of temperature rise) 
the feature frequency band is shifted. However, its am-
plitude is not affected. Figure 24(c) shows the Fourier 
transform of chamber one pressure with the introduction 
of leakage. As is seen, the amplitude of the feature fre-
quency band is decreased, indicating that as long as the 

RMS values of the Fourier transform plots are calculated 
over the proper frequency band, the FFT method works. 
However, one must shift the interesting range of fre-
quency for optimal diagnosis. Using the WT, on the oth-
er hand, the variation of frequency response is still with-
in the range (62.5 - 125 Hz) that can be covered by d2 
(see Table 2). These new results confirm once more that 
WT is more robust and easier to implement than the 
FFT.  

 

Fig. 24: Fourier transforms of chamber one pressure signal 
for the actuator: (a) under normal operating condi-
tion (similar to Fig. 7), (b) after many hours of 
normal operation and (c), under faulty operating 
condition (leakage of average 0.48 L/min) 

5.2 Experiments with Position Reference Signal 

Up to this point, the capability of fast Fourier and 
Wavelet transforms during offline internal leakage de-
tection has been tested by applying a structured input 
(periodic steps) directly to the valve under no load con-
dition. Here, the pseudorandom position reference input 
is employed to examine the effectiveness of these two 
transforms where the magnitude and duration of the 
desired actuator position can change. The positioning 
of the actuator against the spring (as a load) is achieved 
according to the two-degree-of-freedom feedback sys-
tem configuration shown in Fig. 25. The controller, 
G(s), and the prefilter, F(s), are designed to satisfy cer-
tain desired closed-loop performance specifications.  

 

Fig. 25: Block diagram showing controller and prefilter 
used for online testing of the methods 

The experiments are conducted with a QFT-based 
controller with an additional characteristic of holding a 
desirable performance even in the presence of an inter-
nal leakage fault up to 40 % of the rated servovalve 
flow across the actuator piston. The structure of this 
controller is shown below: 
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Fig. 26: Close-up response of actuator with internal leakage 
introduced after t ≈ 300s. The QFT-based control-
ler is used and the total test time is 600 s 

 

Fig. 27: Close-up of internal leakage fault (mean value 
0.23 L/min) 

The detailed derivation of the QFT controller shown 
above and its robustness against internal leakage has 
been reported elsewhere (Karpenko, 2008; Karpenko, 
and Sepehri, 2010). The pseudorandom signal is charac-
terized with a series of desired step inputs having ampli-
tudes between 0.025 m to 0.05 m and duration between 
0.5 s to 4 s. This type of signal resembles activities of 
flaps for typical in-flight maneuvers. In this experiment a 
healthy actuator undergoes a set of positioning tasks 
against a spring having stiffness of 80 kN/m for 600 s. A 
small internal leakage is then manually introduced at 
t ≈ 300 s. The close-up plots of displacement and leakage 
are shown in Fig. 26 and 27, respectively. As one can see 
the controller works well even after the introduction of 
internal leakage at t ≈ 300 s, and there is no apparent 
steady-state error in the position response. This is due to 
the fact that the controller was designed to be robust to 
internal leakage. Thus, by only studying the positioning 

response one cannot locate the occurrence of fault. 
Fig. 28 shows the FFT of pressure signals during healthy 
and faulty periods, separately. From Fig. 28, it is seen 
that the amplitude of the spectrum in the frequency of 
interest was reduced in the period when the internal 
leakage was in effect. Fig. 29 shows the plot of wavelet 
coefficient, d2, for the entire test period. It is seen that the 
number, as well as the amplitude of the spikes were no-
ticeably decreased, as a result of internal leakage after 
t ≈ 300 s.  

 

Fig. 28: FFT spectrum pertaining to experiments shown in 
Fig. 26 & 27: (a) healthy time period (the first 300 
s); (b) faulty time period (the next 300 s) 

Thus, both methods are capable of detecting inter-
nal leakage in a loaded closed-loop positioning system. 
However, FFT cannot reveal the time of occurrence of 
leakage, whereas, WT locates the time when internal 
leakage has happened. Thus, WT is more appealing for 
use in on-line applications.  

 

Fig. 29: Wavelet coefficient d2 pertaining to experiment 
shown in Fig. 26 and 27 

6 Conclusions 

This paper presented an original application of two 
well-known techniques, fast Fourier transform (FFT) 
and wavelet transform (WT) towards internal leakage 
fault diagnosis. It was shown that the internal leakage 
decreases the Bode magnitude of pressure signal over 
the valve spool displacement around the hydraulic nat-
ural frequency. Thus, informative sub-band signals, 
sensitive to the effect of internal leakage, can be ex-
tracted from the original pressure signal at either side 
of the actuator. Fast Fourier transform was employed 
and the RMS of the FFT spectrum within the feature 
frequency band was shown to be an appropriate leakage 
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fault indicator. Similarly, level two detail WT coeffi-
cient was shown to be used with confidence for internal 
leakage diagnosis. Additionally, it was experimentally 
shown that both FFT and DWT approaches can detect 
small internal leakages using only one pressure signal 
and regardless the changes in friction characteristic that 
can happen simultaneously with internal leakage, in 
any hydraulic actuator. Thus, both methods can be used 
with confidence in most practical situations. The re-
sults, however, revealed that the WT-based identifica-
tion is more sensitive in diagnosis of internal leakage 
than the FFT based approach. This is believed to be due 
to the fact that wavelets transform having support both 
in time and in the frequencies, responds better on ab-
rupt behavior in the pressure signal. Thus, the use of 
WT should be seriously considered when internal leak-
age fault detection is of concern. Future work should 
focus on the robustness of the techniques towards op-
timal detection when other changes in the system can 
affect the specific frequency area for detection.  

Nomenclature 

x(t) Signal at time t  
(t) Mother wavelet  
K1p, K2p Flow-pressure coefficients [m3/(Pa s)] 
K1f, K2f Flow gains [m2/s] 
Ki Leakage coefficient [m3/( Pa s)] 
di Detail wavelet coefficient at lev-

el i 
 

P1, P2
 Pressures in  chamber one and 

two  
[kPa] 

Ps Supply pressure  [kPa] 
m Combined mass of piston and 

rod  
[Kg] 

d Viscous damping coefficient  [Ns/m] 
L Actuator stroke  [m] 
A Piston area  [m2] 
V Volume of fluid  [m3] 
w Valve orifice area gradient  [m2/m] 
kv Valve spool position gain  [m/V] 
Kv Valve flow coefficient  [m3/2/kg1/2] 
wv Valve natural frequency  [Hz] 
 Valve damping ratio  
 Fluid bulk modulus  [MPa] 
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