lubricants

Article

A Hydraulic Axial Piston Pump Fault Diagnosis Based on
Instantaneous Angular Speed under Non-Stationary Conditions

Jiamin Liu 2%, Shuai Meng 3, Xintao Zhou 12

check for
updates

Citation: Liu, J.; Meng, S.; Zhou, X.;
Gu, L. A Hydraulic Axial Piston
Pump Fault Diagnosis Based on
Instantaneous Angular Speed under
Non-Stationary Conditions.
Lubricants 2023, 11, 406. https://
doi.org/10.3390/lubricants11090406

Received: 27 August 2023
Revised: 10 September 2023
Accepted: 15 September 2023
Published: 17 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Lichen Gu *

School of Mechanical Engineering, Shaanxi Polytechnic Institute, Xianyang 712000, China; zxt2006sc@126.com
Engineering Research Center of Composite Movable Robot, Universities of Shaanxi Province,

Xianyang 712000, China

School of Communication Engineering, Shaanxi Post and Telecommunication College,

Xianyang 712000, China; m18729278841@163.com

School of Mechanical and Electrical Engineering, Xi’an University of Architecture and Technology,

Xi’an 710055, China; gulichen@126.com

*  Correspondence: liujiamin940628@163.com; Tel.: +86-187-9250-3961

Abstract: Due to the intense noise interference in hydraulic systems, it is extremely difficult to detect
component faults through vibration signals. Diagnostic performance is also constrained by highly
time-varying and non-stationary operating conditions. This study proposes to use instantaneous
angular speed (IAS) signals that are both operational and state parameters as sources of information.
Firstly, the instantaneous angular speed fluctuation (IASF) of a piston pump is analyzed theoretically,
and it is concluded that its fluctuating components contain the health status information of the
components. The IASF can then be obtained by subtracting the speed trend term from IAS signals
obtained via a magneto-electric speed sensor. A synchro-extraction of the normal S transform (SNST)
is proposed to process it via line-pass filtering. Finally, the filtered and reconstructed IASF signal is
utilized to draw a two-dimensional polar coordinate map online. A non-stationary-condition test
is carried out on the test platform to monitor the morphological characteristics of the valve plate
under normal, slight, and severe wear conditions. The polar plot shows significant increases in speed
fluctuations and oscillation times within a range from 180° to 270°. The relevant research results
reflect that the IAS signal can provide a new method for monitoring the operating status of and
conducting fault diagnoses for hydraulic equipment.

Keywords: fault diagnosis; piston pump; instantaneous angular speed; non-stationary

1. Introduction

Hydraulic transmission plays an irreplaceable role in the current national defense
construction due to its advantages, such as its high load resistance stiffness, flexible con-
figuration, and large power density [1]. The piston pump, as the core power transmission
component, is essential to ensuring the safe operation of hydraulic equipment through
condition monitoring and fault diagnosis [2]. Hydraulic equipment has multiple energy
domain conversions and is commonly used in high-speed and heavy-duty working condi-
tions. This makes the transmission of state information subject to various intricate coupling
effects [3]. In particular, some nonlinear factors, such as hydraulic impact, oil film turbu-
lence, and the o0il’s volume elastic modulus [4,5], can cause the hydraulic system to exhibit
a non-stationary state. Due to the special environment of hydraulic systems, the vibration,
noise, and pressure pulsation accompanying their operation are greater than those of ordi-
nary rotating equipment [6,7], resulting in a low signal-to-noise ratio for monitoring status
signals and a relatively weak fault feature [8]. This renders it extremely difficult to monitor
the operating status of hydraulic components under variable speed conditions. Therefore,
it is of great significance to explore innovative fault diagnosis technology for key hydraulic
components operating in non-stationary conditions.
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In recent years, equipment status monitoring methods based on the analysis of IAS
signals have attracted a significant amount of attention from scholars. The speed signal
has the properties of a short transmission path, high signal-to-noise ratio, and sensitiv-
ity to early faults and is rich in dynamic information. IAS signals exhibit outstanding
advantages compared to traditional monitoring signals, especially under variable speed
conditions. Its measurement method is non-intrusive, which reduces interference in the
system operating conditions. Its applications involve the diagnosis of faults in engines [9]
and gear transmissions [10-12], the quantification of fan and turbine blade faults [13], the
measurement of vibrations in wire-feed welding systems [14], the identification of faults
in rolling bearings [15-17], and monitoring the condition of CNC machine tools and mo-
tors [18]. Alhashimi et al. [19] obtained the waveform characteristics of centrifugal pumps’
IAS signals under different experimental conditions and analyzed the merits of their use in
monitoring the status of a cavitation fault. By conducting a correlation analysis of the inter-
nal and external traits of the dynamics, Gu et al. [20] took IAS signals as external features to
characterize the internal state of a hydraulic system. They concluded that the magnitude of
the fluctuation can, to some extent, reflect variations in the system’s performance with the
operating conditions. Liu et al. [21] achieved the recognition and monitoring of hydraulic
systems’ operating status by conducting an order-tracking spectrum analysis of hydraulic
motors’ IAS signals. Therefore, on the basis of the above research, this paper proposes to
utilize the speed signal instead of the traditional vibration signal to carry out condition
monitoring and fault diagnosis for hydraulic components.

Current studies have been able to obtain speed fluctuation information in the fre-
quency domain, time—frequency domain, or angle domain, but it is difficult to recover the
time-domain waveform features of an IASF, which can effectively correspond to the angle
to reveal the health status and fault evolution laws of components [22]. Yu et al. [23] pro-
posed a synchronous extraction transform (SET). It is unlike the synchronous compression
transform, which compresses all time—frequency coefficients in a time—frequency trajectory.
It preserves only the instantaneous frequency information that is most relevant to the
time-varying characteristics of the monitoring signal through the instantaneous phase.
Chen et al. [24] presented an improved time—frequency analysis that combines an empirical
wavelet transform (EWT) with the SET to effectively extract the time-varying properties of
seismic signals. Zhu et al. [25] employed a time—frequency analysis called a synchronous
extraction chirplet transform which integrates the advantages of the synchronous extraction
operator and the linear chirplet transform. Despite the time—frequency aggregation of the
synchronous extraction chirplet transformation, the performance of the time—frequency
representation is still affected by noise interference. Owing to the limitations of the extrac-
tion method, the trend of the variation in its amplitude conforms to an actual engineering
deviation pattern, but the accuracy of the signal amplitude and phase cannot be guaranteed.
The accurate extraction of IAS signals’ real-time amplitudes, frequencies, and phases is
the foundation of fault diagnosis and quantitative analysis. For the feature extraction of
an IASF under non-stationary conditions, not only should the instantaneous phase and
frequency be obviously depicted but the reconstructed signal should also have precise
phase and amplitude information.

Among the types of piston pump faults, wear and tear faults in the flow distribution
pair occur most frequently. In this paper, taking the wear fault of the axial piston pump’s
valve plate as an example, a fault diagnosis method based on IAS signals under non-
stationary conditions is proposed. The fluctuation components of the IAS signal are
extracted. The SNST is utilized to process the fluctuation components through line-pass
filtering, which clarifies the ability of the IAS signals to represent fault information. It
provides support for the monitoring and diagnosis of swash-plate axial piston pumps
under diverse operating conditions, normal conditions, or fault conditions.

The details of this work are provided in the following sections. Section 2 studies the
fault diagnosis mechanism of the piston pump’s IAS signal and introduces the method of
acquiring the IASF signal. Section 3 proposes an IASF signal feature extraction method
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and explains the process of using it for fault diagnosis. Section 4 minutely mentions the
hydraulic pump test platform and analyzes the test results. Section 5 provides a summary
of this paper.

2. Diagnostic Mechanism
2.1. Analysis of Fault Types

When hydraulic equipment is in working condition, the motor drives the pump’s
cylinder body and pistons to rotate around the spindle. Due to the inclination angle of
the swash plate, the pistons simultaneously undergo periodic reciprocating linear motion
parallel to the direction of the spindle in the piston hole of the cylinder block. When the
spindle rotates for a week, the size of the closed-volume chamber formed by the piston
hole and the pistons also changes periodically [26]. In this way, hydraulic oil completes a
suction and discharge process through the waist groove of the valve plate. In this process,
there are three main kinematic pairs [27], namely, a slipper pair composed of a slipper and
a piston ball head, a piston pair composed of a piston and a cylinder block, and a flow
distribution pair composed of a cylinder block and a valve plate, as shown in Figure 1.

(©) (d)

Figure 1. Three-dimensional model of a swash-plate axial piston pump. (a) The swash-plate axial

piston pump: 1—slipper pair, 2—piston pair, and 3—flow distribution pair. (b) The slipper pair
composed of a slipper and a piston ball head; (c) the piston pair composed of a piston and a cylinder
block; (d) the valve plate.

The flow distribution pair is an important rotating friction pair that distributes the oil
flow by matching the piston pump cylinder’s body and the flow valve plate. Its clearance
should be maintained at a suitable distance during operation to store the oil medium and
achieve good lubrication. A clearance that is too small will cause wear or even serious burns
on the end face of the cylinder or valve plate surface. If the gap is too large, leakage between
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the flow distribution pair will increase, leading to a decrease in the volumetric efficiency of
the hydraulic pump. Because the pump’s rotating parts are intimately connected, when
local wear failure of the valve plate occurs, it affects the movement of the rotating shaft,
causing the IAS to show periodic fluctuations.

2.2. The Significance of IASF

Ideally, the driving torque of a hydraulic pump is in balance with the load torque, and
the net torque of a piston pump’s rotation shaft can be expressed as Tyt = 0. The torque
equilibrium equation can be simplified, as in Equation (1):

d’6
Thet =] Par @
where ], is the moment of inertia of the plunger pump (in units of kg-m?), 6 is the rotation
angle (in units of rad), and ¢ is the time (in units of s). A change in the IAS of an axial piston
pump when the shaft rotates over a small angle Af4_,p can be expressed as in Equation (2):

Aot = ool @)
where Gél) is the IAS corresponding to the point B (in units of rad/s), and 01(41) is the IAS
corresponding to the point A (in units of rad/s). The time from point A to point B is shown
in Equation (3):

Mty = D05/ 04 ©)

(1)

where 6,; is the mean point-to-point angular speed (in units of rad/s). Then, the mean
angular acceleration of the pump shaft during this process is represented by Equation (4):

(1) (1) (1)
@ _ A6 ael e W
ko = Aty AN

During this period, the average net torque on the input shaft of an axial piston pump
is shown in Equation (5):

e (1) 41 a6,
Ty a0 = (/k Tnet(g)dg) /DA ~ Jp- D600 /DO p= ]thk @)
Formula (5) can be written as Equation (6):
. JiE T ()t ©
kav = —  x;

Aty

Based on the above analysis, it can be concluded that wear status of the valve plate
will affect the normal operation of the pump. This impact is more directly distinguished
through the IASF. Fault diagnosis can be carried out based on the difference between IASF
signals under normal and fault conditions.

2.3. The Acquisition of the IASF

The complete IAS measurement system is composed of two parts: hardware and soft-
ware. The hardware consists of a speed-measuring gear plate (Beijing Tuopu Chengye Tech-
nology Co., Ltd., Beijing, China), a magneto-electric speed sensor (Beijing Tuopu Chengye
Technology Co., Ltd., Beijing, China), a JCZ2 torque-speed sensor (Hunan Xiangyi Power
Testing Instrument Co., Ltd, Changsha, China), a ADLINK PCI-9846H high-frequency
data acquisition card(ADLINK Technology, Shanghai, China), and an industrial computer
(National Instruments, Austin, TX, USA). The software includes LabVIEW 11.0 for online
monitoring and Matlab R2021b for offline signal processing.
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The process of acquiring an IASF signal is shown in Figure 2. The specific processing

steps are as follows:
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Figure 2. The process of acquiring an IASF signal.

@

A square speed-measuring gear plate with 60 teeth is installed on the input shaft
of the piston pump for synchronous rotation. The magneto-electric speed sensor is
assembled on a bracket and is not in contact with the gear plate. When the hydraulic
pump is running, the tooth top of the gear plate is aligned with or deviates from the
sensor. An AC voltage approximated to a sine wave is induced in the coil, which is
filtered and shaped by the internal hardware of the sensor to output a square-wave-
pulse voltage signal.

The ADLINK PCI-9846H high frequency data acquisition card is utilized to conduct
A/D sampling of the square wave at a sampling frequency of 500 kHz. It is processed
by Matlab and the threshold of the edge trigger is set. When the falling edge is
triggered, the sampling points that remain low are counted. When the rising edge is
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activated, the sampling points that remain high are counted. The sum of the sampling
points in a square wave period is calculated, and the IAS is obtained as follows:

60 s
ney =
0~ N;-Z

@)

where f; is the sampling frequency (in units of Hz), Z is the number of tooth discs,
and N; is the number of sampling points of a signal cycle.

(38) The JCZ2 torque-speed sensor and magneto-electric speed sensor coaxial monitor
the pump source’s IAS signal. The JCZ2 torque-speed sensor generates a pulse
speed signal for each revolution of the shaft. Therefore, the speed signal obtained
synchronously via the JCZ2 torque-speed sensor can be considered a trend term of
the speed. The speed signal induced via the magneto-electric speed sensor is regarded
as the IAS.

(4) The existence of trend terms will cause significant errors in data processing. It will
cause temporal correlation statistics to lose their authenticity and will even make
the fault feature’s frequency completely unreliable. The IAS signal can be generally
regarded as the superposition of the speed trend term and the fluctuation term. IASF
signal is calculated by subtracting the trend term from the IAS signal.

3. Proposed Method

Signal denoising is crucial for ensuring the extraction of highly reliable fault features,
especially in hydraulic systems with high levels of noise and interference. The basic idea
of fault diagnosis based on IAS signals is to capture the slight fluctuations generated by
mechanical faults. The key step is to eliminate other irrelevant fluctuation components
caused by small, high-frequency noises or external environmental interference. This paper
draws on the advantages of the normal time—frequency transform (NTFT) [28] and SET
to propose the SNST. The real-time frequency, phase, and amplitude are determined by
analyzing the IASF signal under a background of strong, time-varying noise. Then, signal
reconstruction is performed on the fault feature in order to achieve a precise time—frequency
filtering effect.

3.1. A Theoretical Analysis of the SNST
The normal S-transformation of the IASF signal s(t) is defined as Equation (8):

, e p _2 2P 2 .
NST(f, 7) = /7 / S(t)'ﬂjzln'ew'e_lz”ﬁdt 8)

where A and P are two regulatory factors, f is the frequency (in units of Hz), t is the signal
sampling time (in units of s), and 7 is the time shift factor (in units of s). Let

P 2
/\|f| . tszP)L =TT fT
e 7 e )
V2

According to the rules of scale transformation and translation in the properties of the
Fourier transform, as well as the Parseval theorem, it can be concluded that

o(f,7) =

—+o0

NST(f,7) = [ §(f2)- (7 fa)-e2"H (10)

—00
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where ¢(t) represents the complex conjugate of ¢(t), and 3(f,) indicates the Fourier trans-
form of s(t). Then, Equation (11) can be found:

—+o0o
3(fa) = [ s(t)-e?fatdt

oo R (11)

D(F fo) = f(Pft “Rnfitdt = ¢ PR

For a single component of the IASF signal, we have

§(fa) =A5(fo—fa) (12)

where 4(t) is a pulse function. Therefore, it can be expressed as Equation (13):

ONST(f,t . Rrfot TTE Y
ST — ion(fy — )™ 57, 1) (13)
Therefore, the instantaneous phase and frequency of s(f) are defined as shown in
Equation (14):
. —1\ ONST(f,
fo(f,7) = f+ (27NST(f, 7)) 73? 9 (14)
where d is a biased symbol. Therefore, the definition of the SNST is shown in Equation (15):
Te(f,7) = NST(f,7)-8(f = f+(f, 7)) (15)
1, f=fu(f,7)
O(f — ,T)) = 16
(f fx(f )) {Orf#fx(f;’f) ( )
Substituting Equation (16) into Equation (15) yields Equation (17):
NST(f,7), f = fx(f,7)
Te(f,T) = 17
R AT )

Equation (15) above represents the SET. Equation (17) is called the synchronous
extraction operator (SEO), which can be written as Equation (18):

SEO(f,7) = 3(f — () = o ~(2ansT(r, 1) LT ) g

According to the function J, the SEO is calculated as shown in Equation (19):

1, —(27NST(f, 7)) " %W =0

0, —(2NST(f, 7)) L. 2NIUT) £ 1)

SEO(f, 1) = {

The inaction principle is an important property of the normal S transform. Essentially,
a certain feature component in the IASF signal can be extracted unbiased from the time—
frequency transform spectrum according to the ridge line information by using the principle
of inaction. Suppose that a fault feature component can be expressed as Equation (20):

h(t) = Apexp(i(But + ¢n)) (20)

The normal S-transformation of the signal /() satisfies the two properties expressed
in Equation (21):

{ “I’h (T, g))‘ = Maximum < w = Bn, YT €R 1)

Yh (1’, N) =h(t) = Apexp(i(Bpt + ¢p)), VT € R
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The time—frequency ridges of IASF signals can be obtained using the SEO operator.
By using the ridge information, the feature components can be filtered via the inaction
principle of the normal S-transformation to complete the time-domain feature extraction.

3.2. Diagnostic Process

The whole process of fault diagnosis for a hydraulic axial piston pump based on
the SNST time—frequency analysis is shown in Figure 3. The specific diagnostic steps are
as follows:

(1) The IAS information under non-stationary conditions was collected using a data
acquisition system when the pump valve plate was under healthy, weak wear, and
severe wear conditions.

(2) The IAS information was processed via virtual counting and trend removal using
Matlab software to obtain the IASF signal.

(8) The time—frequency fault feature extraction of IASF signal based on SNST was divided
into the following four steps. Firstly, the linear time—frequency spectrum of the time-
domain signal was obtained by using the normal S transform. Secondly, the real-time
frequency estimation was acquired from the real-time phase information. Then, the
time—frequency ridge was attained via the SEO extraction operator. Finally, the line-
pass filtering reconstruction of the IASF signals was realized according to the principle
of inaction.

(4) A fault diagnosis was carried out for the axial piston pump by using the waveform
feature in the polar coordinate diagram.

/
| Speed signal acquisition | | Standard S conversion }
: vy Matlab : : v |
| IAS signal | | SEO operator |
I ¥ I | v :
| | N .
: Remove the trend | | Time-frequency ridge |
I
! 1 I L |
| | Inaction principle
l IASF signal hq reconstructs the signal |
N e e e / \_____=___//
—
/ - - -""""" "= = - - = I N
{\ Polar graph » Waveform feature » Fault diagnosis | |
/
N e o o - . e e - e o —— —— — — — — — — — — —

Figure 3. Fault diagnosis process based on SNST.
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4. Experimental Study and Analysis
4.1. Test System
4.1.1. Experimental Setup and Data Acquisition

Figure 4a depicts the self-developed experimental test rig, comprising a power source,
hydraulic circuit, loading system, and control system. The pump to be tested is presented
in Figure 4b. The speed signal was obtained on this test rig, with each sensor installed in
the position shown in Figure 4c—d.

Loading system

Axial Piston Pump [

Power source '-Control system

Magnetoelectric speed sensor JCZ2 sensor

(c) (d)

Figure 4. Hydraulic pump failure test platform. (a) Test platform; (b) hydraulic axial piston pump;
(c) speed sensors utilized for IAS data acquisition; (d) position of magneto-electric speed sensor:
1—hydraulic pump input shaft, 2—fluted disc, 3—magneto-electric speed sensor, 4—bracket.

The basic principle of the test bench is illustrated in Figure 5. The frequency converter
controls the speed change of the three-phase asynchronous motor and drives the swash-
plate axial piston pump to rotate. This process converts the mechanical energy generated
by the motor into the hydraulic energy of the oil, which is then input into the axial piston
motor. A proportional relief valve is employed to regulate the pressure of the oil outlet
pipeline of the gear pump, and then load torque of the hydraulic motor is controlled to
realize simulation loading. The slippage pump, which is coaxial with the axial piston
pump, is applied to supplement the leakage flow generated by the hydraulic pump and
motor during operation. The function of the pilot proportional relief valve is to set a
maximum system pressure for the closed hydraulic circuit. When overload occurs or the
system pressure exceeds the set pressure, the high-pressure chamber oil overflows through
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the proportional relief valve, providing safety protection. A cooling flush valve block
allows part of the oil in the circuit to flow back into the oil tank, playing a heat dissipation
role [29,30].

JE S W

1

3\1;:_@1:
S TS

509

Figure 5. Principle of the hydraulic pump failure test platform. 1—Frequency converter, 2—three-
phase asynchronous motor, 3—gearbox, 4—torque and speed sensors, 5—fluted disc, 6—axial piston
pump, 7—slippage pump, 8—stop valve, 9—oil replenishment relief valve, 10—oil replenishment
one-way valve, 11—pilot proportional relief valve, 12—sensor group, 13—flushing valve block,
14—axial piston motor, 15—inertia wheel and brake, 16—gear pump, 17—filter, and 18—proportional
relief valve.

The measurement and control principle of the test bench is presented in Figure 6.
The monitoring and control system is divided into two parts: monitoring sensors and a
control system. The test bench is equipped with motor current, voltage, axial piston pump,
hydraulic motor speed, torque, vibration acceleration, system flow rate, pressure, and
temperature sensors for the real-time monitoring of dynamic parameters. The signal of the
sensor is transmitted to the industrial control computer through the wiring terminal board
and data acquisition card for collection, display, and storage, providing various pieces of
dynamic information for research into the performance of an electromechanical hydraulic
system. The test bench control includes speed regulation and simulated loading. Speed
control is achieved for the three-phase asynchronous motors via frequency converters. In
the simulation loading test, the voltage control signal of the Atos proportional relief valve is
given by the LabVIEW program, and the opening of the valve port is altered so as to modify
the system pressure and simulate the actual load. The controlled component is connected
to the analog output card PCI-1727U through the ADAM-3937 wiring terminal board.

( Pump and hydraulic motor >

v v
| Current | | Voltage | | Flow | | Pressure | | Temperature | | IAS | Speed and
[ ] ] T T torque

= o e
:Tg : NI PXI-6122 DAQ card ( PCI-9846H )[ RS-232] |
]

2 5 [ ] ] |
22 v |
s C LabVIEW > '
1.8 &

| 28 | = !
= | > I
= PCI-1727U analog output card :
l [

____________________________ 1_ —_——_———_— ——d
C Atos proportional relief valve >

Figure 6. The measurement and control principle of the test bench.
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4.1.2. Pump Data Collection

The main parameters of each key component on the test bench are shown in Table 1.
During the process of collecting experimental data, the working pressure of the axial piston
pump was set at 5, 10, and 15 MPa. The speed of the axial piston pump was controlled
by adjusting the input voltage of the frequency converter, and the IASF was tested. The
measured speed is shown in Figure 7. The hydraulic pump operated at a speed of 300 r/min
for 0-5 s, with a ramp change in speed from 300 r/min to 1000 r/min for 5-25 s, constant
operation at 1000 r/min for 25-35 s, a ramp change from 1000 r/min to 300 r/min for
35-55 s, and constant operation at 300 r/min for 55-60 s. The test samples were repeatedly
measured three times under the same working conditions, with each sampling time set at

60 s.

Table 1. Main parameters of key element.

Element Parameter Content
Type Siemens1LG0206-4AA70-Z
Motor Rated power/KW 30
Rated speed/ (r-min—1) 1470
Type HPV55-02REIX300
. Number of pistons 7
Hyiﬁuhc Displacement/mL 35~105
pump Rated pressure/MPa 42
Maximum rotational speed/ (r-min—1) 3500
Type HMV105-02E1C
Hydraulic Displacement/mL 35~105
Motor Rated pressure/MPa 42
Maximum rotational speed/ (r-min~1) 3500
Data collection
|
& e e

|
| [ Pressure I
|

5 MPa 10 MPa 15 MPa |

400

200 0 20 40 60

Time/s

Normal state
\

Slight fault Sever fault

v

Sampling time 60 s

Figure 7. Axial piston pump test parameters.

The faulty parts come from hydraulic pump maintenance enterprises. The surface
shapes and positional tolerance, surface roughness, and other parts of the swash-plate axial



Lubricants 2023, 11, 406

12 of 16

IASF/remin™'

50 1

251

(=}

piston pump cylinder’s body and valve plate are all normal in a healthy state. The amount
of wear between the high- and low-pressure chambers of the weakly worn valve plate is
about 5 um. The amount of wear on the severely worn valve plate is approximately 15
pum. During the test, the corresponding fault state tests were carried out by replacing the
normal, slightly worn, and severely worn valve plates in sequence.

4.2. Results and Analysis

Figure 8 shows the time-domain waveform of the reconstructed IASF under normal,
weak wear, and severe wear conditions after the SNST line-pass filtering, when the working
pressure of the axial piston pump was 10 MP. The enlarged part indicates the waveform
of the reconstructed IASF signal when the axial piston pump input shaft rotated for five
revolutions. It can be observed that the IASF signal exhibits considerable periodic character-
istics. It is obvious that the waveform is smoother and smoother under normal conditions.
When wear occurs, especially severe wear, it causes a significant high-frequency oscillation
in the reconstructed IASF waveform.

50

IASF/remin’

=50

20 30 40 50 60 0 10 20 30 40 50 60
Time/s Time/s
(a) (b)

50

25 1
=
5
&= 0
S
2

=25

_50 1 1 1 1 1 I

0 10 20 30 40 50 60
Time/s
(c)

Figure 8. Reconstruction of the IASF signal under different working conditions. (a) Normal condition;
(b) slight fault; (c) severe fault.

The main cause of wear on a valve plate is cavitation, which can lead to internal
regional cavitation and exacerbate the impact and vibration of the axial piston pump.
Cavitation will affect transition areas of high pressure and low pressure in the valve plate’s
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unloading groove, which can easily extend to wear and tear in the area near the damping
groove. As shown in the physical image of the worn valve plate in Figure 3, wear will
make the height difference between the inner and outer sealing belt smaller, thus increasing
the clearance of leakage between a piston pump cylinder and the valve plate. Changes
in friction torque will be reflected in fluctuations in the pump shaft’s IAS. Therefore, an
instantaneous-speed-fluctuation angle-domain waveform morphology analysis can be used
for monitoring and diagnosing a valve plate’s wear status.

To quantitatively distinguish the degree of wear, the processed IASF waveform was
plotted as a polar coordinate graph which can better reflect the relationship between the
magnitude and angle of the speed fluctuation. Figure 9 shows polar coordinate diagrams
of the reconstructed IASF signals with angle changes under normal, weak wear, and severe
wear conditions.

90°

6
60° 120° 6 60°
—
/A 4 NN
7 o o AS N o
) \\ 30 1500 el "~ 30
\ \\ \\
¢ {
2 i 3
! } N (PPN N
\\\ ‘cﬁhg—_r.:‘.::\ I ‘," T"ﬁll
)q\ y o 180° Ss o Ao
! ‘ § [ '\ J/”
-~ ~
W M=~
3300 210° 330°
300° 240° 300°
270° 270°
(a) (b)
90°
120° 60°
150° 300
o
4
S\ L /’ /. -
~ ~ )
\\\ 7/, v),?'.":
-
180° === 0
~—
210° 330°

240° 300°

270°
(c)

Figure 9. Polar coordinate diagrams of the reconstructed IASF signal under different working
conditions. (a) Normal condition; (b) slight fault; (c) severe fault.

The polar coordinate diagram takes the rotation angle of a piston pump as the inde-
pendent variable and plots the absolute value of the reconstructed IASF signal. As can
be seen from Figure 9, the dissimilarity between the fault state and the normal working
conditions is reflected in the different number of oscillations generated by reconstructing
the IASF value in a range from 180° to 270°. In the polar coordinate diagram, the numerical
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value increases from 0 and then decreases to 0, forming the number of closed-loop areas.
The number under normal working conditions is one, under the weak wear condition the
number is two, and the severe wear condition occurs multiple times. Therefore, the number
of closed loops between 180° and 270° in the polar coordinate diagram can be used as a
fault diagnosis indicator. The partial monitoring results during the experimental process
are shown in Figure 10. Under severe wear conditions, an oscillation amplitude of 6 r/min
will also appear near 0°. The degree of failure can be determined by monitoring whether
an oscillation occurs at 0°.

121 "
————— Normal condition
Slight fault
10FF e Severe fault

oo
T
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(TRes
-
e
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Number of closed loops

5 10 15 20 25
Time/s

Figure 10. Number of closed loops.

From Figure 10, it can be noted that under normal operating conditions, the number
of closed loops in the 180°~270° range is always one. After the fault occurs, the number
is greater than or equal to two. Therefore, a threshold of two can be set to achieve the
diagnosis of piston pump valve plate faults.

The increase in the degree of wear leads to instability in the movement of fluid in
the pump. In the fixed region of the IASF waveform, the number of oscillations will also
increase. The SNST has extracted effective information from this part very well.

5. Conclusions

In this study, the IAS signal, which is both a running parameter and state parameter,
is utilized as the information source for diagnosing faults in key hydraulic components.
An SNST method for processing IAS signals is proposed and applied to the diagnosis of
non-stationary operating conditions in axial piston pumps, achieving the quantification
of wear faults in the valve plate. The main conclusions of this study are summarized
as follows:

(1) The multi-energy coupling and strong noise vibration environment of hydraulic piston
pumps in non-stationary conditions make fault diagnosis extremely difficult. Through
a theoretical analysis, it is concluded that when the valve plate is worn, the friction
torque will change and will then be reflected in fluctuations in the instantaneous
angular speed of the pump shaft. Therefore, to the use of IAS signals as information
sources for monitoring and diagnosing the wear status of an axial piston pump is pro-
posed. The traditional monitoring signal is susceptible to the non-stationary working
condition of the equipment. In this paper, the IAS signals of running parameters are
applied to offer a new method of fault feature extraction and fault diagnosis.

(2) AnSNST is proposed to perform line-pass filtering on the IASF signal of an axial piston
pump. It can accurately identify the instantaneous frequency, retaining only the instan-
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taneous frequency information that is most relevant to the time-varying characteristics.
It is suitable for processing monitoring signals under non-stationary conditions.

(3) A method using the polar coordinate graph is put forward for monitoring; in this
method, the frequency of speed fluctuations and oscillations in the range of 180°~270°
is significantly increased. Under normal working conditions, the number of closed
loops in this area is one, which can be used as a monitoring indicator. Setting the
threshold to two can achieve fault identification. Under severe wear conditions, an
oscillation amplitude of 6 r/min may also occur near 0°. Therefore, faults can be
quantified via the presence or absence of oscillations in this region.
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