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Abstract: Lubricants have the ability to reduce frictions, prevent wear, convey metal debris particles
and increase the efficiency of heat transfer; therefore, they have been widely used in mechanical
systems. To assess the safety and reliability of the machine under operational conditions, the
development of inductive debris sensors for the online monitoring of debris particles in lubricants
has received more attention from researchers. To achieve a high-precision, high-efficiency sensor
for accurate prediction on the degree of wear, the equivalent circuit model of the sensor coil has
been established, and its equations discovering the relationship between the induced voltage and
excitation frequency have been derived. Furthermore, the influence of excitation frequencies and
metal debris on the magnetic flux density has been analyzed throughout the simulations to determine
the sensor magnetic field. In order to identify a frequency range suitable for detecting both ferrous
and non-ferrous materials with a high level of sensitivity, the analytical analysis and experiments
have been conducted to investigate the frequency characteristics of the developed inductive debris
sensor prototype and its improved inspection capability. Moreover, the developed inductive debris
sensor with the noticeable frequency characteristics has been assessed and its theoretical model has
been also validated throughout experimental tests. Results have shown that the detection sensitivity
of non-ferrous debris by the developed sensor increases with the excitation frequency in the range of
50 kHz to 250 kHz, while more complex results for the detection of ferrous debris have been observed.
The detection sensitivity decreases as the excitation frequency increases from 50 kHz to 300 kHz, and
then increases with the excitation frequency from 300 kHz to 370 kHz. This leads to the effective
selection of the excitation frequency in the process of inspection. In summary, the investigation into
the frequency characteristics of the proposed novel inductive debris sensor has enabled its broad
applications and also provided a theoretical basis and valuable insights into the development of
inductive debris sensors with improved detection sensitivity.

Keywords: online monitoring; assess machines; inductive debris sensor; frequency characteristics;
debris particles detection

1. Introduction

The gradual increase in the use of functional materials and structures to achieve ad-
vanced machinery and equipment has attracted great interest among researchers. In such
systems, the surface wear arising from mechanical contacts under operational conditions
has been used to assess their health status. If abnormal wear is not detected in the early
stage, serious accidents may occur during operation. Therefore, machine condition moni-
toring is critical to maintain equipment health and extend their life cycle [1,2]. Research has
shown that there is a direct correlation between the degree of wear and the concentration
and size of metal debris in the lubricants of machinery and equipment. When the machine
operated normally, the size of wear debris was in the range of 1 pm to 20 um and the
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concentration was usually low [3]. However, as abnormal wear started, the size of wear
debris between 50 pm and 100 pm was produced. Over time, the size and concentration of
the wear debris would further increase [4]. Therefore, the degree of the wear can be judged
by detecting the concentration and size of metal debris in the lubricants in the machinery
and equipment. Owing to this observation, it can indicate the level of wear of mechanical
components and provide the system with prognosis warnings before a failure occurs.

The traditional detection techniques are mainly categorized into two groups: offline
and online inspection methods. Usually, ferrographic analysis and spectral analysis are
conducted by the offline detection methods. It is noted that the ferrographic analysis
has the ability to effectively detect ferrous debris particles, but cannot be applied for the
detection of non-ferrous metal debris particles due to the non-magnetic property of non-
ferrous metal debris [5]. Meanwhile, the spectral analysis can be used to identify the size
of debris particles without the capability of composition analysis of debris particles [6,7].
Moreover, the offline inspection methods need long-term testing with high costs, and
are difficult to be implemented for real-time monitoring of the equipment. In order to
enable real-time monitoring of machinery and equipment under the operational conditions,
several online metal debris detection methods have been developed. As different detection
methods have different advantages and limitations, this has undoubtedly restrained the
technology from industrial applications. For instance, although the X-ray method [8] has a
high detection accuracy, it can only be deployed on the complex equipment. Additionally,
the detection using capacitance methods [9,10] or resistance methods [11,12] will result
in the oil deterioration, which will degrade the inspection accuracy as time goes. For the
ultrasonic method [13], the measurement precision is affected by many factors, such as
the viscosity of the oil, the flow rate, and mechanical vibration, leading to the challenge
in practical applications. The inductive method [14-20], which can effectively distinguish
nonferrous and ferrous metal debris, can be easily implemented in a simple structure of
equipment for testing both metal and non-metal pipelines. Additionally, the sensitivity of
this method does not rely on the oil quality. However, the inductive method has limitations,
including low sensitivity to non-ferrous metal debris and the inability to detect debris shape.
From a practical point of view, the inductive method is the most feasible and effective
technique for engineering applications.

Since the induction method has many advantages, extensive research has been con-
ducted in this field. The structure of induction method-based sensors mainly includes
solenoid coils and planar coils. Although the planar coil has the high detection sensitivity,
it is not suitable for engineering applications due to its small size. For example, the planar
coil sensor designed in [21] was capable of detecting 50 um ferrous debris particles and
105 um non-ferrous debris particles for a 1.2 mm inner diameter of the oil tube. Due to its
wider detection range and larger size, the solenoid coil structure has wider engineering
applications. Using such structure, a three-dimensional solenoid sensor (the MetalSCAN
from GasTOPS) was used to effectively detect the ferrous metal debris with a size of 100 pm
and nonferrous metal debris with a size of 405 um in a pipe with an inner diameter of
9.525 mm [22]. Talebi et al. [23] designed a sensor capable of effectively detecting 125 pm
ferrous debris in pipes with an internal diameter of 4 mm and measuring the concentration
of metal debris in the oil. Additionally, results obtained by the solenoid coil sensor [24]
indicated that its sensitivity to ferrous and non-ferrous metal debris in the inner diameter of
the pipe, which was approximate 43 mm, could be achieved with values of 70 pm (diameter)
and 165 pm, respectively. Liu et al. [25] investigated the relationship between the excitation
frequency of the microinductor sensors and the rate of change of the sensor inductance.
The sensitivity of ferrous metal debris decreased with the increasing excitation frequency,
while the sensitivity of non-ferrous metal debris increased with the excitation frequency.

To provide a theoretical basis for improving the detection sensitivity of inductive
debris sensors and selecting a suitable excitation frequency for the detection of different
metal particles, a novel inductive debris sensor design is proposed in this paper. Based on
Kirchhoff’s principle, the equivalent circuit model of this sensor is established. Following
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that, the equation for bridging the induced voltage and excitation frequencies is derived
to discover the most suitable excitation frequency of the inductive debris sensor for the
detection with a high level of accuracy and sensitivity. Using COMSOL, a simulation
model of the sensor magnetic field is also developed to analyze the influence of excitation
frequencies and metal debris material on the magnetic flux density. Finally, to demonstrate
the correctness of the developed theoretical model, the inductive debris sensor is fabricated
and assessed for the detections of ferrous or non-ferrous metal particles by comparing the
analytical results.

2. The inductive Debris Sensor
2.1. Working Principle of the Proposed Inductive Sensor

The proposed inductive sensor’s operating principle [26] is briefly described in Figure 1
(the red coil is the excitation coil, and the blue coil is the induction coil). An AC signal
is passed through the excitation coil, and the two cases can be defined as follows: When
no metal particles enter the sensor, the resulting magnetic field is shown in Figure 1a.
If the sensor detects ferrous metal debris, there are two factors influencing the original
magnetic field, including the magnetic flux and the eddy current shown in Figure 1b. First,
the magnetic flux increases due to the higher permeability of the ferrous metal debris.
Second, a magnetic field whose direction is opposite to the original magnetic field will
be generated by the eddy current inside the ferrous metal debris, leading to the decrease
in the total magnetic flux. Due to the smaller eddy current, the increase in the magnetic
flux dominates in the frequency range of low frequencies. Therefore, a positive voltage
pulse will be generated when the ferrous metal debris flows through the sensor. On the
contrary, the magnetic flux of the larger eddy current decreases at high frequencies. Thus,
a negative voltage pulse will be generated when ferrous debris flows through the sensor.
When non-ferrous metal debris enter the sensor, it is mainly the eddy currents influencing
the original magnetic field, as shown in Figure 1c.

”\\\ | /

\

(a) (b)

Figure 1. Distribution of magnetic field in the designed sensor: (a) no metal debris passes through;
(b) when ferrous metal debris enters the sensor; (c) when non-ferrous metal debris enters the sensor.

2.2. Sensor Model Simplification

The equivalent circuit of the proposed sensor device is shown in Figure 2a. The
resistances and inductances of the excitation and sensing coils are Ry and Ly as well as R
and Ly, respectively. The AC voltage U is loaded on the excitation coil and the current
is denoted as Iy. In the inspection process, the voltage output from the sensing coil is
expressed as 1 if no metal debris pass through the sensor. Thus, the output voltage 7 can

be formulated as follows: ‘
u = —jwMoly ¢Y)

w =2nf 2)

where w is the angular frequency of the excitation signal; f is the frequency of the excitation
signal; and M is the mutual inductance coefficient between the excitation coil and the
sensing coil.
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(b)

Figure 2. The equivalent circuit diagram: (a) no debris; (b) the test of ferrous debris; (c) the test of

non-ferrous debris.

The equivalent circuit of the sensor coil for detecting ferrous metal debris is shown in
Figure 2b. When the voltage U applied to the excitation coil is constant, the inductance Ly

and resistance Ry of the excitation coil are constant. Thus, the current Iy flowing through
the excitation coil is also constant. Therefore, the eddy current in ferrous metal debris is
considered a short-circuited coil. The resistance of the short-circuited coil is denoted as Ry
with the inductance L and the eddy current I 1. The mutual inductance coefficient between
the excitation coil and ferrous metal debris is expressed as Mj, and the mutual inductance
coefficient between ferrous metal debris and the sensing coil is represented as M.

As mentioned earlier, there are two factors that cause changes in the output voltage of
the sensor. One is the change in magnetic permeability. It only depends on the volume of
the metal debris, the magnetic permeability of metal debris and the speed of the passage.
Therefore, the change in output voltage caused by the change in permeability is a constant
value, given the volume, the properties of metal debris and the speed of passage are
determined. Thus, the change in output voltage can be expressed as follows:

Y
u—ﬂ 3)

As the ferrous metal debris pass through the inductive sensor, the voltage generated
by the change in magnetic permeability is defined by Equation (4)

eyl @

Uy = Af

where Ag is the change in magnetic flux caused by the change in permeability when the
ferrous metal debris pass through the inductive sensor.
According to the equivalent circuit shown in Figure 2b and Kirchhoff’s law, one arrives
at the following;:
Rojo ‘|“].(UL(]..[0 *]'L(JM111 = U (5)
—jwMyIg+ Ry + jwLi1l; =0

where w = 271f and f is the frequency of the excitation signal.
The eddy current in the ferrous metal debris can be determined by Equation (5), where
one arrives at the following:

"7 (Ro + jwLo) (R + jwLy) + w?M2

The eddy current in the ferrous metal debris interacts with the induction coil to
produce the induced voltage, which is expressed as the following:

iy = —jwMaly )
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Substituting Equation (6) into Equation (7), one has the following:
iy — u- MM, _ u- MM, ®)
~ RgR . RoL1+RL ~ RgR . RoL1+R;L
2,21 + jw=2 lwz 120 — Loy 47.[02,}2 +jw 0471Tz.f21 0 —LoLy

As the change of flux produces a voltage, which is opposite to what is produced by
the eddy current effect, the output voltage can be formulated as the following;:

Auy =ty — 11 = Uy — U 9
Substituting Equations (4) and (8) into Equation (9), one has the following:

Ay u- MyM,
Au1 = - 10
AL g+ R — Lol o

When the sensor detects ferrous metal particles, it is worth noting that in Equation (10),
the output voltage of the sensor at the low excitation frequency is positive. As the excitation
frequency increases, the output voltage of the sensor decreases until the sensor outputs a
negative voltage.

Additionally, in the case that the magnetic permeability of the non-ferrous metal
particles is close to that of air, the voltage generated by the change in magnetic permeability
due to non-ferrous metal particles passing through the inductive sensor can be formulated

as the following:

A
i3 = % ~ 0 (11)

Furthermore, the eddy currents in non-ferrous metal particles are considered an
equivalent value in the state of short-circuit coils. Here, the resistance of the short-circuit
coil is defined as R, with the inductance of L3 and the eddy current of 12. The mutual
inductance coefficient between the excitation coil and the non-ferrous metal particles is
expressed as M3. According to the equivalent circuit in Figure 2c and the Kirchhoft’s law,
one has the following:

Roly +jFUL010 ._]’(UM312.: u (12)
—jwMszly + Roly + jwLlzly =0

Solving Equation (12), the eddy current in the non-ferrous metal debris can be formu-
lated as the following;:

U : jwM3

: . (13
(Ro + jwLo)(Ra + jwLs) + w?M3 )

I =

The induced voltage that is produced by the interaction between the eddy current and
the induction coil is defined as the following:

i3y = —jwMyl (14)

where M, represents the mutual inductance coefficient between the non-ferrous metal
particles and the sensing coil.
Substituting Equation (13) into Equation (14), one has the following:

U- MsM,

Rl i R,L
tjw g gt — Lols

(15)

Uzp = RoR,
47r2-f2
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Similarly, the output voltage can be formulated as the following:
Aup = uz — Uy = Uz — Uz (16)

Substituting Equation (11) into Equation (16), one has the following:

. U- MMy
Aup = —z-x T RolatR,L (17)
47102-;2 +jw 0473'l—2~_f22 ¢ —LoLs

Using Equation (17), the output of the sensor is a negative voltage when the sensor
detects non-ferrous metal particles. As the excitation frequency increases, the amplitude of
the output voltage increases.

3. Simulation Analysis of the Sensor Magnetic Field

According to the detection principle of the proposed sensor, the output signal of the
induction coil is generated by the perturbation of the magnetic field as the metal debris
passes through the sensor. Therefore, it is necessary to analyze the influence of the metal
debris on the perturbation of the original magnetic field. As shown in Figure 3, a numerical
simulation model is established, the red coil is the excitation coil and the blue coil is
the induction coil, and the coordinate is defined as follows: the center of the coil is the
origin; and the axial and radial directions of the coil are the z-axis and x-axis, respectively.
Additionally, the metal debris is located at the center of the coil. Numerical simulations are
carried out using COMSOL to analyze the perturbation of the magnetic field at different
frequencies as the metal debris passes through the sensor. The model parameters are
shown in Table 1 and the typical ferrous and non-ferrous metal debris, and their main
electromagnetic parameters are provided in Table 2.

(8

Figure 3. Simplified model of the coil.

Table 1. Numerical simulation modeling parameters.

Coil Parameters Value Unit
Internal diameter of induction coil 10 mm
External diameter of induction coil 10.8 mm
Wire diameter of induction coil 0.1 mm
Number of turns of induction coil 400 /
Internal diameter of excitation coil 10.8 mm
External diameter of excitation coil 13.2 mm
Wire diameter of excitation coil 0.2 mm
Number of turns of excitation coil 300 /
Coil width 10 mm
Excitation signal amplitude 10 * sin (271 ft) \%

Table 2. Electromagnetic parameters of metal debris.

Metal Debris Properties Materials Relative Permeability

ferrous metal debris Iron 4000
non-ferrous metal debris Copper 1
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3.1. The Influence of Ferrous Metal Debris on the Magnetic Flux Density

Numerical simulations of 200 pm diameter iron particles shown in Figure 4 are con-
ducted to demonstrate effects of ferrous debris on the distribution of the magnetic flux
density along the z-axis over different frequencies at time t0 = T/2 (T is the period of the
excitation signal). It can be observed that the magnitude of the magnetic flux density inside
the iron particles is smaller than that of the background flux density due to the eddy current
effect of metal debris. As iron particles have the property of a larger relative magnetic
permeability, the magnetic flux density increases rapidly when approaching the surface of
iron particles. Furthermore, the eddy current among the iron particles increases with the
frequency, while the magnetic flux density near the surface of the iron particles decreases,
leading to the weak influence of iron particles on the original magnetic field.

6 ——50kHz |
sésmT 100kHz

~ ----200kHz
g st —-==250kHz 7
= —mae- 320kHz
Z
5 4r ]
=
; 3.12mT
= 2 L S.12m i
g -
j
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< 4
g

0
=50 2.5 0.0 25 5.0

Position(mm)

Figure 4. Distribution of the magnetic flux density along z-axis under the excitation of
different frequencies.

3.2. The Influence of Non-Ferrous Metal Debris on Magnetic Flux Density

To investigate the influence of non-ferrous metal debris on magnetic flux density,
800 um copper particles as non-ferrous metal debris are numerically simulated in Figure 5
to illustrate the distribution of magnetic flux density along the z-axis at different frequencies
at time t0 = T/2. Similarly, the flux density measured inside the copper particles is smaller
than the background flux density due to the eddy current effect. As the frequency increases,
the magnitude of the eddy current measured inside the copper particles increases and the
magnetic flux density inside the copper particles decreases. Therefore, the effect of copper
particles on the original magnetic field is increased.

T T T
—— 50kHz
200 100KEz
~ 1.758mT 160kHz
e ~m== 200KHz
Z 15F < 250kHz |
5
=
»
=
o 1LOf e e 4
El U L
gu 0700 -
0.5 - - J
..['),:_‘)?m/l— e T -
0.098mT .
0.0 1 . )
-5.0 -25 0.0 25 5.0

Position(mm)

Figure 5. Distribution of the magnetic flux density along z-axis for non-ferrous metal debris.
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4. Experimental Results and Discussion
4.1. Experimental Setup

The experimental sensor is designed with two excitation coils (E1 and E2) and two
induction coils (S1 and 52), shown in Figure 6. In the experiment, the detected metal debris
particles signal is a complete sinusoidal function. First, the sensing coil is fabricated by
winding 0.1 mm diameter enameled wire on a skeleton with an inner diameter of 8 mm
and a thickness of 1 mm, with a total of 400 turns. Similarly, the excitation coil is produced
using 0.2 mm diameter enameled wire around the outside of the sensing coil (300 turns),
and the skeleton is made of the epoxy resin material. As the magnetic permeability of the
epoxy resin is close to that of air, the epoxy resin has little effect on the magnetic field. To
facilitate the control of the frequency of the excitation signal, the signal collected by the
sensor is processed by a differential amplifier circuit shown in Figure 7, and the output is
displayed on a computer.

[ 7]

Figure 6. The sensor structure model: E1 and E2 are excitation coils; S1 and S2 are sensing coils.

~Cs

-
1

Low-pass| Out
filtering

ve PSD

Figure 7. The sensor signal process.

In order to simulate the passage of metal particles in the lubricant through the sensor,
the metal particles are fixed on a nylon rope conveying through the sensor shown in
Figure 8a. The nylon rope is then supported by three pulleys, one of which is driven by a
motor that controls the speed of the metal particles passing through the sensor. It is noted
that the magnetic permeability of the nylon rope is close to that of air and its effect on the
magnetic field can be ignored. The entire experimental platform is shown in Figure 8b.

4.2. Experimental Results of Ferrous Metal Particles

The 245 pm and 480 pum iron particles are chosen as ferrous metal debris in the
experiments, and their microphotograph are shown in Figure 9. The iron particle passes
through the sensor at a speed of 0.4 m/s. A sinusoidal AC signal with a amplitude of
£10 V is generated, and its excitation frequency ranges from 50 kHz to 370 kHz. The
output voltage waveform of 480 um iron particles at different excitation frequencies is
shown in Figure 10. It can be seen that the output voltage is positive at lower excitation
frequencies and negative at higher excitation frequencies. Figure 11 shows the relationship
between output voltages and excitation frequencies. Experimental results show that at
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lower excitation frequencies the increase in the flux dominates, and the output voltage
amplitude is positive. Additionally, the eddy current increases with the excitation frequency,
while the output voltage amplitude becomes smaller when the frequency increases. When
the excitation frequency is greater than 300 kHz, the eddy currents continue to increase.
Therefore, the eddy currents in the metal particles play a dominant role, leading to a reverse
increase in the output voltage amplitude.

=l

I

2 o

Debris Pulley ~
Pulley //
Nylon rope
Mo 3 demodulation
@\*X - Sensors © \ . circuit

(a) (b)

Figure 8. (a) Schematic diagram of the whole inspection system; (b) the experimental test platform.

(@) (b)

Figure 9. The microphotograph of iron particles. (a) 245 um; (b) 480 pum.

4.3. Experimental Results of Non-Ferrous Metal Particles

In this section, 800 um copper particles are chosen as non-ferrous metal particles for
the experiments. The microphotograph of copper particles is shown in Figure 12. The
parameters used for the input signals are the same as in Section 4.2, but an excitation
frequency in the range of 50 kHz to 250 kHz is used. The output voltage waveform of
copper particles at different excitation frequencies is shown in Figure 13. It can be seen
that the output voltage of copper particles at different excitation frequencies is negative.
The relationship between output voltages and frequencies is demonstrated in Figure 14.
Experimental results show that when the excitation frequency is higher than 50 kHz, the
output voltage amplitude increases with the increase in the frequency. As the eddy current
has a dominant effect on the magnetic flux density, both the non-ferrous metal eddy current
and the output voltage are increased. This observation is generally consistent with the
results of the theoretical model.
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Figure 10. The output voltage waveform of 480 um iron particles at different excitation frequencies.
(a) 80 kHz; (b) 160 kHz; (c) 310 kHz; (d) 360 kHz.
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Figure 11. The relationship between output voltage and excitation frequency of ferrous metal particles.
(a) 245 pum; (b) 480 pum.

Figure 12. The microphotograph of 800 um copper particles.
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Figure 13. The output voltage waveform of copper particles at different excitation frequencies.
(a) 80 kHz; (b) 160 kHz.
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Figure 14. The relationship between the output voltage and excitation frequency of non-ferrous metal
particles.

5. Conclusions

The inductive debris sensor is suitable for the online monitoring of various mechanical
equipment, such as aero-engines, gas turbines, and wind turbines, as it has the capablity
to accurately indicate the degree of wear in machinery components and provide a prog-
nosis warning for the system before any fault occurs. Therefore, its prospects for broad
applications can be anticipated in various engineering sectors. In this paper, the frequency
characteristics of a novel inductive debris sensor have been investigated based on the
equivalent circuit model of the sensor coil. Stemming from the established model, the
relationship between induced voltages and excitation frequencies has been mathematically
represented. To analyze the influence of excitation frequency and metal debris material
on magnetic flux density, numerical simulations of the sensor magnetic field have been
performed. Then, experimental tests of the fabricated inductive debris sensor prototype
have been conducted to validate its correctness and effectiveness by comparison of the
results obtained from the theoretical model. The output voltage of the ferrous particles has
changed from positive to negative as the excitation frequency has increased from 50 kHz
to 370 kHz, while the voltage amplitude for the non-ferrous particles increases with the
frequency in the range of 50 kHz to 250 kHz. It should be noted that selecting the appropri-
ate excitation frequency enables high sensitivity in detecting both ferrous and non-ferrous
metal particles, and distinguishes between them based on their respective positive and
negative output voltages. Furthermore, leveraging the excitation frequency, the sensor can
be specially designed to effectively detect the wear of the object, e.g., ferromagnetic metal
particles or non-ferromagnetic metal particles. Research studies on frequency characteris-
tics of the proposed inductive debris sensor provide a useful insight into the development
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of the advanced inductive debris sensors with robust characteristics, such as excitation
frequency and the sensitivity.

Author Contributions: Methodology, X.W.; software, H.L. and Z.Q. (Zhi Qian); validation, X.W.
and K.L.; data curation, X.W. and Z.Q. (Zhenghua Qian); writing—original draft preparation, X.W.;
writing—review and editing, Z.Q. (Zhenghua Qian) and D.L.; visualization, G.W.; project admin-
istration, Z.Q. (Zhenghua Qian). All authors have read and agreed to the published version of
the manuscript.

Funding: This work was funded by the Natural Science Foundation of China (12061131013, 12172171,
and 12211530064), the State Key Laboratory of Mechanics and Control of Mechanical Structures
at NUAA (No. MCMS-1-0522G01), National Natural Science Foundation of Jiangsu Province
(BK20211176) and a project Funded by the Priority Academic Program Development of Jiangsu
Higher Education Institutions (PAPD).

Data Availability Statement: The data supporting reported results can be made available via re-
questing the corresponding author.

Acknowledgments: The authors gratefully acknowledge the support from the State Key Laboratory
of Mechanics and Control of Mechanical Structures at NUAA.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chen, T.; Wang, L.; Gu, Y.; Zuo, Y. Review on online inductive wear debris monitoring technology. J. Eng. 2019, 2019, 8518-8521.
[CrossRef]

2. Hong, W.; Cai, W.; Wang, S.; Tomovic, M.M. Mechanical wear debris feature, detection, and diagnosis: A review. Chin. ]. Aeronaut.
2018, 31, 867-882. [CrossRef]

3. Zhu, X,; Zhong, C.; Zhe, . Lubricating oil conditioning sensors for online machine health monitoring—A review. Tribol. Int. 2017,
109, 473-484. [CrossRef]

4. Kotzalas, M.N.; Doll, G.L. Tribological advancements for reliable wind turbine performance. Philos. Trans. 2010, 368, 4829—4850.
[CrossRef]

5. Wang,],; Bi, J.; Wang, L.; Wang, X. A non-reference evaluation method for edge detection of wear particles in ferrograph images.
Mech. Syst. Signal Process. 2018, 100, 863-876. [CrossRef]

6. Khandaker, I.I; Glavas, E.; Jones, G.R. A fibre-optic oil condition monitor based on chromatic modulation. Meas. Sci. Technol.
1993, 4, 608. [CrossRef]

7. Appleby, M.; Choy, EK.; Du, L.; Zhe, J. Oil debris and viscosity monitoring using ultrasonic and capacitance/inductance
measurements. Lubr. Sci. 2013, 25, 507-524. [CrossRef]

8.  Kayani, S. Using combined XRD-XRF analysis to identify meteorite ablation debris. In Proceedings of the 2009 International
Conference on Emerging Technologies, Islamabad, Pakistan, 19-20 October 2009; pp. 219-220.

9. Wang, Y,; Han, Z; Gao, T,; Qing, X. In-situ capacitive sensor for monitoring debris of lubricant oil. Ind. Lubr. Tribol. 2018, 70,
1310-1319. [CrossRef]

10. Wang, Y.; Lin, T.; Wu, D.; Zhu, L.; Qing, X.; Xue, W. A New In Situ Coaxial Capacitive Sensor Network for Debris Monitoring of
Lubricating Oil. Sensors 2022, 22, 1777. [CrossRef]

11. Wu, Y,;; Zhang, H.; Zeng, L.; Chen, H.; Sun, Y. Determination of metal particles in oil using a microfluidic chip-based inductive
sensor. Instrum. Sci. Technol. 2016, 44, 259-269. [CrossRef]

12.  Shi, H.; Huo, D.; Zhang, H.; Li, W.; Sun, Y,; Li, G.; Chen, H. An Impedance Sensor for Distinguishing Multi-Contaminants in
Hydpraulic Oil of Offshore Machinery. Micromachines 2021, 12, 1407. [CrossRef]

13. Jie, Z.; Drinkwater, B.W.; Dwyer-Joyce, R.S. Monitoring of Lubricant Film Failure in a Ball Bearing Using Ultrasound. J. Tribol.
2006, 128, 612-618.

14. Du, L.; Zhe, J; Carletta, J.; Veillette, R.; Choy, F. Real-time monitoring of wear debris in lubrication oil using a microfluidic
inductive Coulter counting device. Microfluid. Nanofluidics 2010, 9, 1241-1245. [CrossRef]

15.  Wu, S,; Liu, Z,; Yuan, H,; Yu, K.; Gao, Y,; Liu, L.; Pan, X. Multichannel Inductive Sensor Based on Phase Division Multiplexing for
Wear Debris Detection. Micromachines 2019, 10, 246. [CrossRef]

16. Du, L.; Zhu, X,; Han, Y.; Zhao, L.; Zhe, J. Improving sensitivity of an inductive pulse sensor for detection of metallic wear debris
in lubricants using parallel LC resonance method. Meas. Sci. Technol. 2013, 24, 75106. [CrossRef]

17. Hong, W.; Wang, S.; Tomovic, M.M.; Liu, H.; Wang, X. A new debris sensor based on dual excitation sources for online debris
monitoring. Meas. Sci. Technol. 2015, 26, 095101. [CrossRef]

18. Wu, T.; Peng, Y.; Wu, H.; Zhang, X.; Wang, ]J. Full-life dynamic identification of wear state based on on-line wear debris image

features. Mech. Syst. Signal Process. 2014, 42, 404—414. [CrossRef]


http://doi.org/10.1049/joe.2018.9045
http://doi.org/10.1016/j.cja.2017.11.016
http://doi.org/10.1016/j.triboint.2017.01.015
http://doi.org/10.1098/rsta.2010.0194
http://doi.org/10.1016/j.ymssp.2017.08.014
http://doi.org/10.1088/0957-0233/4/5/011
http://doi.org/10.1002/ls.1221
http://doi.org/10.1108/ILT-09-2017-0256
http://doi.org/10.3390/s22051777
http://doi.org/10.1080/10739149.2015.1116007
http://doi.org/10.3390/mi12111407
http://doi.org/10.1007/s10404-010-0627-y
http://doi.org/10.3390/mi10040246
http://doi.org/10.1088/0957-0233/24/7/075106
http://doi.org/10.1088/0957-0233/26/9/095101
http://doi.org/10.1016/j.ymssp.2013.08.032

Micromachines 2023, 14, 669 13 of 13

19.

20.

21.
22.

23.

24.

25.

26.

Zhu, X.; Du, L.; Zhe, ]. A 3 x 3 wear debris sensor array for real time lubricant oil conditioning monitoring using synchronized
sampling. Mech. Syst. Signal Process. 2017, 83, 296-304. [CrossRef]

Xiao, H.; Wang, X.; Li, H.; Luo, J.; Feng, S. An Inductive Debris Sensor for a Large-Diameter Lubricating Oil Circuit Based on a
High-Gradient Magnetic Field. Appl. Sci. 2019, 9, 1546. [CrossRef]

Du, L.; Zhe, J. A high throughput inductive pulse sensor for online oil debris monitoring. Tribol. Int. 2011, 44, 175-179. [CrossRef]
Flanagan, L M.; Jordan, J.R.; Whittington, H.-W. An inductive method for estimating the composition and size of metal particles.
Meas. Sci. Technol. 1999, 1, 381-384. [CrossRef]

Talebi, A.; Hosseini, S.V.; Parvaz, H.; Heidari, M. Design and fabrication of an online inductive sensor for identification of ferrous
wear particles in engine oil. Ind. Lubr. Tribol. 2021, 73, 666—675. [CrossRef]

Qian, M;; Ren, Y.; Zhao, G.; Feng, Z. Ultrasensitive Inductive Debris Sensor With a Two-Stage Autoasymmetrical Compensation
Circuit. IEEE Trans. Ind. Electron. 2021, 68, 8885-8893. [CrossRef]

Liu, B.; Zhang, F; Li, D.; Yang, ]. Research on the Influence of Excitation Frequency on the Sensitivity in Metal Debris Detection
with Inductor Sensor. Adv. Mech. Eng. 2014, 2014, 1-9. [CrossRef]

Wu, X,; Zhang, Y.; Li, N.; Qian, Z.; Liu, D.; Qian, Z.; Zhang, C. A New Inductive Debris Sensor Based on Dual-Excitation Coils
and Dual-Sensing Coils for Online Debris Monitoring. Sensors 2021, 21, 7556. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.ymssp.2016.06.014
http://doi.org/10.3390/app9081546
http://doi.org/10.1016/j.triboint.2010.10.022
http://doi.org/10.1088/0957-0233/1/5/001
http://doi.org/10.1108/ILT-12-2020-0439
http://doi.org/10.1109/TIE.2020.3018066
http://doi.org/10.1155/2014/790615
http://doi.org/10.3390/s21227556

	Introduction 
	The inductive Debris Sensor 
	Working Principle of the Proposed Inductive Sensor 
	Sensor Model Simplification 

	Simulation Analysis of the Sensor Magnetic Field 
	The Influence of Ferrous Metal Debris on the Magnetic Flux Density 
	The Influence of Non-Ferrous Metal Debris on Magnetic Flux Density 

	Experimental Results and Discussion 
	Experimental Setup 
	Experimental Results of Ferrous Metal Particles 
	Experimental Results of Non-Ferrous Metal Particles 

	Conclusions 
	References

