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Application of Wavelet Transform for Fault Diagnosis in
Swash Plate Pump’s Control Unit Causing Pipes Flutter

Molham Chikhalsouk and Rama B. Bhat

Abstract—Vibration analysis is fundamental in enhancing
condition monitoring and fault diagnostics of control unit in
swash plate pumps. Several signal analysis methods are used to
obtain useful information from vibration signatures. Presently,
the most of these methods use spectral analysis based on
Fourier Transform (FT). However, these methods exhibit some
limitations; it is the case of transient signals when the
irregularity is the pattern. In the present paper, we are
interested to apply Discrete Wavelet Analysis (DWA) to the
vibration signal analysis. The DWT is one of the most promising
methods for signal processing; it is especially convenient for
transient vibration measurements obtained from accelerometer
sensors. The monitoring results indicate that the DWT can
diagnose the abnormal change in the measured data.

Index Terms—Vibration analysis, fault diagnosis, control
unit, swash plate pumps, spectral analysis, wavelet transforms.

I. INTRODUCTION

The increasing demand for excellent performance, safety
and reliability of industrial systems has increased the demand
for fault diagnosis. Fault diagnosis has been becoming much
more important in process monitoring. In the past 20 years,
huge breakthrough in sensors, which are employed
successfully in condition monitoring and fault diagnosis,
such as; vibration displacement , dynamic force, noise levels,
temperature, etc. The vibration signature analysis today is
one of the most effective methods used in condition
monitoring and fault diagnostics, where they always obtain
the dynamic information of the system. In order to extract
useful information from the vibration signals, it is very
critical to apply convenient signal processing techniques for
the specific fault diagnostics. With the rapid development of
the signal processing techniques, the analysis of stationary
signals has largely been based on well-known spectral
techniques such as: Fourier Transform (FT), Fast Fourier
Transform (FFT) and Short Time Fourier Transform (STFT)
[1], [2]. Unfortunately, the methods based on FT are not
suitable for non-stationary signal analysis [3]. In addition,
they are not able to reveal the inherent information of
non-stationary signals. These methods provide only a limited
performance for machinery diagnostics [4]. In order to solve
these problems, Wavelet Transform (WT) has been
developed. WT is a kind of variable window technology,
which uses a time interval to analyze the high frequency and
the low frequency components of the signal [5], [6]. The data
using WT can be decomposed into approximation and detail
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coefficients in a multi-scale, presenting then a more effective
tool for non-stationary signal analysis than the FT. Many
studies present the applications of WT to decompose signals
for improving the performance of fault detection and
diagnosis in rotating machinery [7], [8]. In this work, we
propose to implement the WT for condition monitoring of
swash plate pump. It is evaluated using the experimental
measurements data in the cases of accurate and appropriate
control unit gains. The main goal of this technique is to obtain
more detailed information contained in the measured data.
The remainder of this paper is organized as follows. Section
Il presents WT method and its formulations. Section 11l
presents the importance and structure of Swash Plate Pumps.
Problem statements and faults descriptions are presented in
Section V. The monitoring results are discussed in Section
V1. Finally, Section VII concludes our contributions.

1. WAVELET TRANSFORM

The last two decades witnessed an extensive progress in
Wavelet Analysis. Wavelets have appealed to scientists and
engineers of many different backgrounds. WT has led to
exciting applications in signal analysis and numerical
analysis, and many others applications are being studied [9],
[10].

DWT is considered a powerful tool to detect the changes of
a signal. DWT is translated and scaled in discrete steps. Itisa
piecewise continuous function and can be given as:
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EQ. (1) represents a discrete wavelet transform, where “a”
. . —b .
is a scale function, <p("7) is the mother wavelet or wavelet
basis, n is an integer number, and “b” is a dilation indicating

1. . . .
number. The parameter 7S introduced in order to normalize

the mother wavelet to have unit energy at every scale. To
solve this equation, the parameters “a” and “b” should be
determined.

For a dyadic discrete sampling, “@” can be expressed as

)

a=2 2

where “j°” is the number of decompression levels, while “b”
can be expressed as :

b=2.k (3)

where k is an integer, t is time, f(t) is the signal, and n is the
number of samples. The scale, a, is inversely proportional to
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the frequency. W(a, b) can be represented as either
frequency-time or scale-time representation. In most of the
previous works, the W(a, b) representation is in scale-time
representation. The reason is that there is no exact
relationship between scale and the frequency.

In [11], Mallat suggested that multi-resolution analysis is
needed to obtain the DWT of a discrete signal by
implementing low and high pass filters, and then down
sampling them by two as is illustrated in Fig. 1-Fig. 2 and
described below. It employs two sets of functions, called
scaling functions and wavelet functions [12], [13], which are
associated with low and high pass filters, respectively. The
discrete signal is passed through a high pass filter (H) and a
low pass filter (g), resulting in two vectors at the first level,
approximation coefficient (A;) and detail coefficient (D,)
[14], [15]. Application of the same transform on the
approximation (A;) causes it to be decomposed further into
approximation (A;) and detail (D,) coefficients at the second
level. Finally, the signal is decomposed at the expected level.
The approximations are the high-scale, low-frequency
components and the details are the low-scale, high-frequency
components of the signal.
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Fig. 1. Main components of a swash plate pump with a cylindrical
arrangement.
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Fig. 2. Computation of DWT by multi resolution analysis (filters bank).

Ill. SwASH PLATE PumPs

Swash plate pumps are widely used in hydraulic systems to
provide pressure/flow for a range of equipment in
engineering applications. With a constant prime mover speed,
the delivery flow-rate is changed by controlling the swash
plate angle i.e. the inclination angle, and hence delivery
pressure can be controlled. Ideally, the pump delivery
pressure needs to match the system load pressure. In this
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aspect, several control disciplines applied to improve
electro-hydraulically pressure controlled pump systems,
among which mostly linear control methods are employed
(Akers and Lin, [16]; Lanitto, and Johnson, [17]; Akers and
Lin [18]). Using a proportional solenoid valve to control flow
for adjusting the inclination angle, a nonlinear control
strategy has been developed for pump delivery pressure
control which is capable of on-line adaptive compensating
for the change of the pressure carry over angle
(Manring,[19]-[22]).

As shown in Fig. 2, the swash plate pump contains of finite
number of pistons within a common cylindrical block. The
pistons are nested in a circular array within the block at equal
intervals about the shaft axis. The cylinder block is held
firmly against a port plate using the force of the compressed
cylinder-block spring. A ball-and-socket joint connects the
base of each piston to a slipper. The slippers themselves are
kept in contact with the swash plate and the swash plate
inclination angle is controlled by a servomechanism based
upon the requirements of the delivery pressure and/or
delivery flow rate. For practical applications, the loads on any
hydraulic actuator can change from time to time, which in
turn requires the hydraulic pump to provide a different
operating pressure accordingly.

IV. PROBLEM STATEMENT

In the earlier pump designs, the pump was operated
without control units, operating at a certain flow regardless of
the desired flow. In order to manage the excess flow, a relief
valve was used. The valve solved the excessive flow problem;
however, a fluid overheating was encountered. The fluid
overheating deteriorates its properties and damages the pump
parts. The loss of the pump power and the overheating were
major challenges that designers encountered and a control
system is needed to solve these problems.

The later design equipped the pump with a double negative
control unit to control both valve spool and swash plate angle
a control unit to control the power according to load
requirements by controlling the swash plate swiveling. Hence,
the pump power matches completely the load, and the oil
maintains its healthy condition. This solution is expensive, as
more parts are needed, and lead to slow response. In [23], a
single feedback loop to control the pump was proposed, and
they compared that control strategy with several other control
strategies. Their objective was to simplify the control scheme
and the associated electronics, which reduces the pump’s
production cost.

However, pump smoothness performance on the piping
system was not investigated, which is considered as faulty
components in hydraulic systems.

In the coming sub-item, the control unit components, the
pump mathematical model, and the single feedback control
schematic representation will be explained.

A. Control Unit Components

The control unit has the following components: the
secondary power pump, the hydraulic proportional valve, and
the electronic control unit. A pressure transducer senses the
load pressure and feeds it to the logic unit of the control unit.
The logic unit calculates the required swash plate swiveling
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angle that matches the load demands without exceeding the
pump manufacturer specifications such as: its power,
maximum flow, and maximum pressure. The control unit
components of are illustrated in Fig. 3.

The pump

control the pump output by implementing a single feedback
loop. They removed the electrical feedback line of the inner
loop for the spool and controls only pump swiveling angle

(Fig. 4).

Control Unit Control Valve Secondary Pump

: H Swash Plate

Pump Flow

Fig. 3. A schematic representation for the control unit/pumps, and the
hydraulic and electrical flows.

B. Pump Mathematical Model

The swash plate is modeled as a single degree-of-freedom
system (SDOF) with respect of the swiveling angle of the
swash plate about the y axis i.e. @. The swash plate
contributes the inertial mass, which can be expressed as /.
Moreover, such the hydraulic piston restoring spring and its
damper coefficients are K,,, Ceq, respectively.

The equation of motion is expressed as:

Jeq® + Ceqp + Keqp = M(t) (4)

where

Jeq = total equivalent inertial moment for the swash plate

Ceq = hydraulic piston total equivalent damping

@ = swiveling angle second derivative
acceleration)

¢ = derivative of the swiveling angles (angular velocity)

¢ = swiveling angles (angular displacement)

M = Applied moment on the swash plate

K., = hydraulic piston total equivalent restoring spring
stiffness

The transfer function for the swash plate can be expressed
in S- domain as

(angular

2

@9 (s) Wn
T= m = sz+2gwns+w,2! (5)
where
w,, = Natural frequency rad/sec
¢ =Damping ratio
S= Laplace variable
Values of w,, and {are calculated in the appendix
Selecting the right parameters for the controller i.e. the
right controller gains, determines the pump overall
performance in terms of pump load responsiveness and
smoothness, which are dominant in superior pump
performance are the top priority of the pump designers and
manufacturers.
The control is a single feedback, as explained earlier.
Accordingly, the two conditions to be studied:
1) Faulty pump: When using PD controller (Kp= 1,
Kd=0.02, Ki=0)
2) Healthy pump: When implementing PID controller (KP=
1.9, KD=0.1 Ki=8.4).

C. Faulty Pump (PD Controller): Faulty Pump
Khalil and Bhat [23] proposed a new control strategy to
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Fig. 4. Swash plate pump with single feedback control loop representation
(PID controller).

Then they parameterized the PD controller by using
Ultimate Sensitivity method. The parameters of the PID
controller were KP=1, Ki=0, and KD=0.02. The model was
validated experimentally; however, the vibration levels on
the system components were not evaluated.

In the present work, the authors proposed a healthy pump
to be equipped with a convenient PID controller. The criteria
of healthy pump from control system perspective when it has
a rapid response and smooth operation. The comparison
between the two pumps is summarized in Table I-Table II.

TABLE I: COMPARISON BETWEEN HEALTH PUMP AND FAULTY PUMPS

PERFORMANCE
Healthy Pump Faulty Pump (PD)
(PID)
Kp 1.9 1
KiI 8.4 0
Kd 0.1 0.02
Rise Time (ms) 15 60
Vibration Max (mm) +0.05 .5
Vibration 90 0
Reduction %

TABLE Il: PUMP KEY PARAMETERS AND DIMENSIONS

Description Value Unit

Acp Area of the control piston 8.1x<10-4 m’

A Piston cross-section area. 2.27 X10-4 m?

B Effective bulk modulus 1x109 Pa

Cq Coefficient of discharge. 0.611 -

Pitch circle 0.07175/0.0359 m
diameter/radius of the
cylinders’ arrangement at
the base of the cylinder
block

Pitch circle 0.0602/0.0301 m
diameter/radius of the
cylinders’ arrangement at
the top of the cylinder

block

Dz/Rz

fy Control valve equivalent 90 N.s/m
viscous friction

coefficient

fo Equivalent angular 15
viscous friction
coefficient of the swash
plate

Nm/(rad/s)

2

le Equivalent moment of .0039

inertia of the swash plate

kg.m

ki Proportional solenoid 25 N/A
force-current constant

V. EXPERIMENTAL SETUP

In order to record the pipe vibration signature, a
piezoelectric accelerometer is placed at the midpoint of the
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pipe and on the pump discharge pipe (illustrated in Fig. 5).
The recorded signal is simultaneously fed to amplifier-filter
to improve the quality of the recorded signal and to reduce the
noise. To convert the analog signal into digital signal,
software based on LABVIEW® is used to acquire the data.
The model of the data acquisition card is DAQ 6062 E (from
National Instruments Inc.). The schematic representation is
illustrated in Fig. 6. To obtain reliable results, the sampling
time is selected to be 5 m sec. and the total number of the
collected number of the recorded data for each experiment
run is 2000 points. The number of points is enough to cover
and characterize the final shape of the signal (more than one
motor cycle can be covered at every experiment run). After
filtering the signals, they are passed through oscilloscope
(Agilent — 54624 A) and then recorded. MATLAB® wavelet
toolbox is used to analyze the recorded signals and map them
(time-scale representation). The pump flow rate is 1 L/Sec,
and the fluid velocity through the pipe is 2.94 m/sec. The
fluid velocity is too small to generate pipe flutter (the flutter
velocity is 94.5 m/sec).
Two sets of set up are arranged:
The pump is equipped with PD controller
(proportional-derivative controller) to simulate the faulty
control system i.e. faulty pump. The derivative action
amplifies noise if it exists (noise always has a small
amplitude and high frequency). The physical electrical
control system is replaced by real time control software
to help in the prototyping of the control scheme.
The pump is equipped with PID controller with
convenient tuned gains. This is the healthy pump that can
be validated experimentally based on pipe vibration level
and the pump responsiveness i.e. the rise time.

1)

2)

—
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Fig. 5. The location of the accelerometer on the pump outlet and pipe.
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Fig. 6. Experiment setup scheme, including hydraulic and control parts /data
acquisition unit.
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VI.

The accelerometer readings are recorded for the pipe under
two conditions and are plotted as seen in the below figures.

Fig. 7 (the upper figure) shows the pipe vibration
signatures under normal operating conditions with PID
controller i.e. healthy pump. The vibration amplitude shows
regularity and vibrates in the range +0.05 mm

The pipe vibration signature for the faulty pump equipped
with the PD controller is illustrated in Fig. 7 (lower). It can be
noticed that the vibration amplitude is high (0.5 mm), and
exhibits irregularity and random patterns.

RESULTS

Pipe vibration signature for pump equipped with PID controller (KP:LQ,K‘:&A‘and Kd:O 01): Healthy Pump

ion Amplitude(mm)

Vibra

Pipe

1 0 3 04 o

“Time (sec]

6 07 [ o

equipped with PD controller (kp:l‘kd:0.0Z): Defective Pump

ion Amplitude(mm)

Vibrai

Fig. 7. Pipe vibration signature for the pump equipped with PID controller
(K, = 1.9,K; = 8.4,and K, = 0.01) and Pipe vibration signature when the
pump equipped with PD controller (k, = 1,k,; = 0.02).

The coefficients of DWT for the pipe signature under
faulty controller operation are illustrated in Fig. 8. The fifth
approximate coefficient amplitude is 0.08; and it has a
minima (equals zero) at t= 900m Sec.

Flutter Due to Faulty Control System for the Swash Plate Pump::Decomposition atlevel 5 :s=aS + d8 + dd + dd + d2 + di
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Fig. 8. Time-scale representation of the faulty PD controller i.e. faulty pump.
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The coefficients of DWT for the pipe signature under
healthy pump operation are illustrated in Fig. 9. The fifth
approximate coefficient amplitude is 0.006; and it has a
minima (equals zero) at t=250m Sec.,

In order to obtain more details about the two cases, more
analysis is done to analyze the signals with two more
different techniques: Waterfall diagram to monitor the signal
contents evolution for every signal.

Fig. 10 gives more details about the signal in 3D
representation. It shows that there is a series of low frequency
(about 10 Hz, due to the fluid flow velocity) at the times with
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maximum amplitude equal to 0.033 mm at t=950m Sec. This
irregularity is due to external source or noise.
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Fig. 9. Time-scale representation of the healthy pump with properly tuned
PID controller.

Fig. 10. Waterfall representation of the pipe response with PID controller
(normal condition).

Fig. 11. Waterfall representation of the pipe response with PD controller
(flutter condition).

The Waterfall diagram for the pipe signature under flutter
is shown in Fig. 11. The vibration amplitude grows with time.
This is a symptom of the flutter onset. The high amplitudes
are developed starting from t=900m Sec.

The summarized characteristics for normal and faulty/
flutter conditions are:

Normal Operating Condition;

The vibration signature varies regularly within the range

of £0.05 mm

The DWT maxima is still relatively small 0.006 at t=250

msec.

A 10 Hz frequency band can be observed at most times,
with amplitude of 0.033 mm.
Faulty Pump Operating Condition:

The vibration signature amplifies to reach (£0.05 mm)

The fifth approximate coefficient amplitude is 0.08; and

it has a minima (equals zero) at t= 900m Sec.

High frequency contents, with the highest energy, can be

seen at t= 900m Sec.

1)
2)
3)
1)
2)

3)
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VII.

In order to investigate the applicability of wavelet
transform in detecting the faulty control systems in swash
plate pumps, a set of experiments was carried out. The faulty
pump was equipped with a PD controller, which generated
dynamic instability in the pump and pipes. The recorded
signal of the faulty pump operation condition causing flutter
case in addition to the signal of the normal condition were
analyzed by using discrete wavelet with Debauches mother
wavelet, which is recommended for signals with impulsive
vibration signals (the impulse happens due to pressure
overshooting of the pump). The wavelet analysis of the two
different cases showed two different patterns. For the
normal/healthy case, there was regularity in the distribution
of the periodicities, while for the faulty/flutter case; there was
different pattern and irregularity in the distribution of the
periodicities. The periodicities were seen at higher levels
(lower frequencies) and they lost the regularity in the
temporal distribution. The results show the appropriateness
of using wavelet analysis in identifying the defective control
unit, which has transient nature.

CONCLUSIONS
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