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Abstract: In order to improve the feasibility and accuracy of inductive oil debris
monitoring method for metal debris, lock-in amplifier (LIA) technology integrated
with two digital frequency synthesizers is developed to enhance the wear monitoring
capability of an inductive sensor under different Mixing Phase Difference (MPD).
This new method leverages two adjustable digital synthesis chips to generate both an
excitation signal and a square wave reference signal, therefore improving the
signal-to-noise ratio (SNR) of debris signals. Moreover, with adjusting the MPD,
variations in debris signal amplitude across different material types are examined in
this study. Experimental results reveal substantial distinctions are achieved by
determining the optimal MPD among different debris materials. Taking copper debris
as an example, an appropriate adjustment increases the signal amplitude by as much
as 3.48 times, demonstrating the remarkable sensitivity enhancement enabled by the
approach. As a result, the proposed method is capable of effectively detecting iron
debris as small as 80um and copper debris down to 200um in a piping system
containing 13-mm diameter pipes.

Keywords: Inductive debris sensor, LIA technique, Reference signal adjustment,
MPD adjustment, SNR improvement

1. Introduction

Large-scale power equipment operates under high loads and harsh conditions,
which cause significant wear to transmission components[1-4].The lubrication system
in such equipment not only reduces friction and seals components but also carries
wear debris from bearings and gears out of the system through oil flow[5-7].Studies
show that wear debris generated from direct abrasive damage or accelerated wear of
contacting surfaces (such as gears and bearings), typically have diameters in the range
of 20um to 200pm. When a large number of debris exceeding 200um are present[8], it
usually indicates severe wear, and the equipment should be shut down for
maintenance. Therefore, analyzing the quantity and size of debris provides valuable
insights for assessing equipment health. Therefore, debris in the range of 20 to 200um
are the focal debris in this research and considered in the lubricant debris monitoring
for mechanical fault diagnosis. Therefore, analyzing the quantity and size of debris
provides valuable insights for assessing equipment health[9]. Thus, oil debris
monitoring is essential for machinery fault diagnosis and maintenance[10-13].

Metal debris detections is generally classified into offline[14, 15] and online
condition monitoring[16, 17]. Offline detection technologies have limitations for
engineering applications due to their long cycle, high cost, and lack of real-time
monitoring capability[18, 19]. In contrast, online monitoring methods provide
real-time data about the size and concentration of metal debris by analyzing their
effects on the physical properties of lubricating oil. Based on detection principles,
online monitoring methods include, optical[20, 21], capacitance[22-24], ultrasonic[25,
26], resistance[27], and induction techniques[28].

The earliest inductive debris sensors were featured with a single-coil structure,
first introduced by Flanagan[29], who established the fundamental principle of
inductive detection for metallic wear debris. Li et al.[30] developed an induction pulse



sensor with a planar coil structure, demonstrating the feasibility of planar designs for
the improved detection resolution. This sensor utilized a glass tube with a Imm inner
diameter and was capable of detecting ferromagnetic debris larger than 50um and
non-ferromagnetic debris larger than 105um in oil flow. Ma et al. [31] proposed a
method to estimate debris composition and size and analyzed the influence of debris
on the inductance and impedance signals of coils. They established, for the first time,
a correlation model between coil inductive/impedance signals and debris composition
and size, enabling both qualitative identification of debris materials and quantitative
debris size detection. This work advanced inductive sensors from the application for
single-parameter detection to multi-parameter characterization identification. Their
system achieved detection of iron debris as small as 20um and copper debris of 60pum
in diameter within a 500um diameter tube. Zeng et al.[32]enhanced the detection
sensitivity of a dual-solenoid coil sensor by optimizing the number and configuration
of silicon steel sheets. This optimal design improved the magnetic field distribution,
significantly increasing the sensitivity for small-sized debris and lowering the
detection limits for both ferromagnetic and non-ferromagnetic debris. Such sensor
was capable of detecting iron debris as small as 33um and copper debris larger than
90um in a 0.9mm diameter tube. Shen et al.[33]further optimized the ratio of coil
length to the number of turns through orthogonal experiments and coherent
demodulation techniques. The developed approach reduced the radial position error in
debris detection and improved the SNR, providing valuable guidance for sensor
structure and demodulation optimization. The optimal design achieved detection of
93.5um iron debris and 447.3um copper debris in a 3mm diameter pipeline, with
simulation results confirming that the radial position error was maintained below 5%.
The above studies have significantly advanced inductive debris sensing
technology from the principle of verification toward sensor structure optimization,
signal demodulation enhancement to multi-parameter characterization, with
continuous improvements in debris detection sensitivity. However, most existing
systems still rely on narrow-diameter flow channels to maintain detection sensitivity,
which limits their engineering application for high-flow lubrication systems. In
addition, research on the signal demodulation mechanism of debris remains relatively
insufficient, resulting in relatively weak detection capability for non-ferromagnetic
debris [34]. Studies have shown that ferromagnetic debris (e.g., iron) significantly
increases the coil inductance in an external magnetic field, whereas diamagnetic
materials (e.g., copper) resist magnetization and reduce coil inductance[35]. However,
the inductive method is significantly more sensitive to ferromagnetic debris than to
other types of magnetic debris. With advances in materials science, fabrications of
bearings, gears, and other lubricated components are no longer limited to
ferromagnetic materials, and the use of copper-based[36], aluminum-based[37, 38],
and non-metallic materials[39] has become increasingly popular. In typical bearing
tribosystems, the inner ring, outer ring, and rolling elements are manufactured from
high-hardness bearing steel with excellent wear resistance. In contrast, critical sliding
components including copper alloy cages, bronze thrust washers, and copper-based
bearing shells, are widely used to form hard—soft steel-copper tribopairs[40, 41]. Due



to their lower hardness and superior plastic deformation capacity, copper alloys are
more susceptible to wear under sliding friction[42]. Therefore, enhancing the
detection capability for diamagnetic debris is of great significance.

Inductive online monitoring methods typically distinguish material types based
on debris signal phase and estimate debris size using the signal amplitude. However,
conventional methods suffer from low sensitivity to diamagnetic debris and the
limited capability in detecting small-sized non-ferromagnetic debris. Moreover, most
existing inductive debris sensors employ narrow-diameter pipelines to improve
detection resolution, which restricts the lubricant flow and limits their practical
industrial applications. To address these limitations, this work develops a square-wave
demodulation scheme based on a programmable digital frequency synthesizer. Thus,
the influence of the MPD on the detection response of different metallic debris is
systematically investigated, achieving good monitoring sensitivity for debris with
different magnetic properties even under relatively large-diameter pipeline conditions.
Compared with conventional debris-signal demodulation methods, this study
demonstrates that the phase difference between the reference signal and the
debris-induced signal should be determined according to the specific properties of the
target metal being monitored, rather than being uniformly adjusted to zero as
commonly adopted in previous studies. By optimizing the phase difference based on
the characteristics of different metallic debris, the proposed method enhances the
detection sensitivity for non-ferromagnetic debris and addresses a limitation of
existing demodulation approaches. This finding provides a new perspective for
improving the performance of inductive wear-debris monitoring systems. The
proposed method enables the reliable detection of iron debris as small as 80um in a
13mm diameter pipeline and copper debris down to 200um, with the corresponding
sensitivity factors S of 162.5 and 65, respectively. These factors are significantly
higher than those obtained by conventional methods. Thus, the detection capability
for diamagnetic debris is enhanced, thereby improving the feasibility and accuracy of
oil debris monitoring technology.

2. Introduction to the Lock-In Amplifier Method

2.1. Sensor Structure

The most common configuration for inductive monitoring sensors is the
three-coil structure, which consists of two excitation coils and one induction coil. The
structural schematic and the parameter model is shown in Figure 1.



A A
STy [N N[ MMAMA [ ]S
> > N e A
excitation coil 1 inducting coil excitation coil 2

a)Schematic Diagram of the Three-Coil Debris Sensor
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Figure 1. Schematic Diagram and parameter model of the Three-Coil Debris Sensor

In Figure 1, /. and /; represent the lengths of the excitation coil and the induction
coil, respectively; d is the spacing between the coils; O denotes the origin of the
coordinate system; and x means the axial position of the debris and is determined by
the product of velocity v and time ¢. The sensor utilizes two excitation coils to
establish a stable magnetic field. These coils are identical in material composition,
length, and spacing, and are wound around a ceramic framework. They are connected
in a reverse-parallel configuration to a common AC current source to ensure magnetic
field symmetry. An induction coil placed at the center of the sensor aims for detection
of variations in the magnetic field when debris passes through the sensor.

When the excitation coil set is energized with an alternating current of angular
frequency omega, a time-varying magnetic flux density B(x,?) is generated along the
axial direction, which can be expressed as Eq. 1.

B(x,t) = B, (x,t) + B, (x,1) = Ie’” Ge(x) (1)

where B; and Br denote the magnetic fields generated by the left and right
excitation coils shown in Figure 1, respectively. I represents the amplitude of the
excitation current, and w means the angular frequency of the excitation current. Ge(x)
represents the geometric function of the excitation coil set, which is determined by the
structural parameters of the excitation coils. The magnetic fields produced by the left
and right excitation coils, B, and Bk, are given by Eq. 2.
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Where B. and Bz represent the axial center positions of the left and right
excitation coils, respectively. n. represents the number of turns per unit length of the
excitation coil, R. is the radius of the excitation coil and uo depicts the permeability of
free space. When a spherical metallic debris with radius 7, enters the excitation
magnetic field region of the sensor, it becomes magnetized under the applied
alternating magnetic field. Since r, is much smaller than the coil radius R, the
magnetized debris can be approximated as a magnetic dipole, accordingly, it’s
magnetic dipole moment m is expressed as Eq. 3[43].
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In Eq. 3, y. denotes the complex magnetic susceptibility of the metallic debris,

which is expressed as Eq. 4[44].
— T
Xa= Xale

The phase angle £y, represents the phase shift of the magnetic susceptibility,
characterizing the time delay between the magnetization response of the debris and
the applied alternating magnetic field.

Under the excitation magnetic field, the magnetized metallic debris behaves as a
magnetic dipole, and the magnetic field generated by the dipole at an arbitrary spatial
point p is referred to as the magnetic dipole field, which can be expressed as Eq.
5[45].
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In this equation, » denotes the distance between the magnetic dipole and the
spatial point p, and F is the unit vector pointing from the dipole to the observation
point. The total magnetic flux @ induced in the induction coil by the magnetic dipole
field can be regarded as the superposition of the magnetic flux through each turn of

the coil. When the number of turns is sufficiently large, @ can be approximated by Eq.
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D(x,t) = m(x,1)|-Gi(x) = 1(t)Ge(x)Gi(x) (6)
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where Gi(x) represents the geometric function of the induction coil, which
depends on the structural parameters of the induction coil set and is given by Eq. 7.
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In Eq. 7, n; represents the number of turns per unit length of the induction coil

and R; means the radius of the induction coil.According to Faraday’s law of
electromagnetic induction, the induced electromotive force &(¢) is given by:

(7)

3
e(t) = —%Ie’“” [ jGe(x)Gi(x)+ Ge (x)Gi(x)v + Ge(x)Gi (x)v | (8)
0

By substituting the axial motion of the debris x=v¢ and applying the chain rule,
the induced electromotive force can be derived as shown in Eq. 8. An analysis of Eq.
8 indicates that the term jowGe(x)Gi(x) is approximately 4-5 orders of magnitude
larger than the terms Ge’(x)Gi(x)v and Ge(x)Gi'(x)v. Therefore, after incorporating
the magnetic permeability, the real-valued electrical signal received by the induction
coil can be approximated by Eq. 9.
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where f. denotes the excitation signal frequency.From the perspective of the
overall sensor design, when metallic debris enters the induction region, it perturbs the
originally stable magnetic field, thereby superimposing a disturbance onto the
excitation signal. This interaction results in an amplitude-modulated output signal.
Consequently, the electrical signal received by the induction coil can be regarded as a
sinusoidally modulated signal, whose modulation envelope is determined by the
debris properties as well as the geometric functions of the excitation and induction
coils and is denoted as A(?). In addition, the output induced signal is phase-shifted by
£y with respect to the excitation signal.

2.2. Overview of Debris Signal Demodulation Methods

Due to the small size of metal debris, the amplitudes of induced signals are
typically in the microvolt range. Thus, the measurement accuracy is highly
susceptible to mechanical vibration and system noise, which limits the effectiveness
and broad applications of conventional frequency filters.

The LIA technique is specifically designed to extract weak signals from noisy
environments. In recent years, researchers have implemented LIA using various
approaches, including analog circuits[46], FPGA architectures[47], and digital signal
processing [48]. These developments have significantly enhanced signal extraction
capability, thereby enabling more reliable detection of weak sensor signals. The LIA
and its deployment in the circuit are shown in Figure 2:
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Figure 2. Schematic of the LIA in the whole circuit for processing debris signals
There are three steps described in the LIA for processing debris signals:

(1)Signal Generation: The sensor circuit generates a high-frequency signal,
splitting it into two sub-signals. One is amplified to serve as the sensor’s excitation
voltage, while the other acts as a reference signal. Upon excitation, the sensor outputs
a raw signal containing debris information.

(2)Phase Adjustment: The raw signal is amplified to obtain the signal S1 in
Figure 2, and a phase-shifting circuit adjusts the reference signal to align with S1,
During this adjustment process, the phase difference between the reference signal and
S1 is defined as the MPD.

(3)Signal Mixing: The phase-aligned S1 and reference signals processed by LIA
are converted into a mixed signal. Thus, the high-frequency carrier and noise are
shifted to higher frequencies, which are removed by a low-pass filter for the isolation
of the debris signal.

It should be noted that the adjustment process of the MPD occurs when the
sensor is in a steady state, i.e., when no debris is passing through. Due to the presence
of 2y, in Eq. 9, even when MPD=0, there will still be a phase difference between the
amplitude-modulated signal generated by the debris passing through the sensor and
the reference signal.

Although widely used in debris signal demodulation, traditional LIA methods
encounter several challenges. One major challenge is that the reference signal phase
adjustment requires phase-shifting circuits. A typical phase-shifting circuit is depicted
in Figure 3 as follows:
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Figure 3. Schematic of the phase-shifting circuit



where the adjusting resistor R1 alters the input signal phase by a theoretical maximum
shift of 90°. Usually, to attain a specific phase shift, multiple phase-shifting circuits in
series are required, which complicates the LIA implementation.

To ensure that the excitation coil generates a stable magnetic field, the excitation
signal is set as a single-frequency signal, specifically a sine wave. In Figure 2, both
the excitation signal and the reference signal are derived from the same source, which
also means that the reference signal is a sine wave. However, research has shown that
when a square wave is used as the reference signal, the demodulated signal amplitude
is highest. Assuming sine wave, square wave, and triangular wave are used as
reference signals, with a phase ¢, and an amplitude 4,, the sine wave reference signal
rs(?) 1s defined as:

r.()=AsmQrft+¢@,) (10)

The Fourier series expansions of the squarer wave r,(¢f) and triangular wave ()
signals can be expressed as follows:

44 &
r(t)=—>

Z lsin(2n7rfet+ng0r) (11)

n=1,3,5....

n()="5%

n=1,3,5,..

8A 0 1 (n-1)/2
Z eh ————sin(2nzx ft + ne,) (12)
7’1
After mixing the debris signal with the one shown in Eq. 9 and performing low-pass
filtering, the resulting signals Ms, Mq, and Mt are expressed as:

Ms=A4 A(t)cos(Ly,—¢p,)/2
Mg =24 A(t)cos(Ly,—¢.)/ x (13)
Mt =44 A(t)cos(Ly, — @)/ °

Eq. 13 indicates two results. First, when the phase of the reference signal aligns
with the phase of the debris's magnetic susceptibility, the demodulated signal
amplitude is highest. When the phase difference is =, the signal amplitude takes the
opposite sign. When the phase difference is n/4 or 5n/4, the signal amplitude becomes
zero. Second, the type of reference signal used in the demodulation process affects the
demodulated signal. Using a sine wave reference as the baseline, amplitudes of the
signals demodulated using triangular and square wave as references are observed
approximately 81.06% and 123.37% of the result obtained using the baseline,
respectively.

3. Dual-Chip Excitation circuit design

In traditional oil debris monitoring systems, the phase of the reference signal is
typically set to be in phase with the steady-state sensor signal S1, i.e., MPD=0[33]. As
indicated by Eq. 4, Eq. 9, and Eq. 13, the magnetic susceptibility phases of debris
vary with the material, requiring different optimal reference phases. By adjusting the
MPD parameter based on the material type of the oil debris, the circuit can achieve
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maximum signal response. Meanwhile, using square waves as reference signals for
debris signal demodulation further enhances the performance, significantly improving
oil debris monitoring.

However, conventional circuits are typically designed to process sine waves, as
the excitation and reference signals are usually generated from a common source. To
overcome this limitation, this study proposes a signal demodulation circuit based on
Dual-Chip Excitation (DCE), in which two independently controlled signal generators
are controlled by a microcontroller unit (MCU) to enable square wave demodulation.
By adjusting the MPD value, the system facilitates the analysis of signal amplitudes
generated by debris of different materials under various MPD conditions.

The AD9833 chip communicates via the Serial Peripheral Interface (SPI),
allowing multiple chips to share common clock and data lines while interfacing with a
MCU. Chip Select lines are used to determine which chip is active for data reading or
writing. This configuration enables the cooperation of two AD9833 chips using only
four signal lines. It is worth noting that this observation could be extended to control n
chips using just n+2 data lines. Meanwhile, all AD9833 chips should share the same
external crystal oscillator (XO) to ensure clock synchronization. The schematic of the
circuit configuration is shown in in Figure 4, and the sensor circuit using the DCE
system is illustrated in Figure 5.

————{AD9833a |- AMF |-—{senor]|
MCU

AD9833b | ,

Figure 4. Schematic Diagram of the DCE Method
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Figure 5. Schematic of the LIA in the whole circuit for processing debris signals base
on DCE

As illustrated in Figure 4, the circuit integrates two AD9833 chips. Under the

control of the MCU, AD9833-a generates an 80 kHz sine wave, which is subsequently

amplified and applied as the excitation signal for the sensor. Simultaneously,




AD9833-b produces an 80 kHz square wave that serves as the reference signal. This
reference signal, along with the output from the sensor, is fed into a mixer. Following
that, the mixed signal is then passed through a low-pass filter to extract the debris
signal.

This circuit enables software-based control over the characteristics (frequencies
phase, amplitude, and waveform) of excitation and reference signals, demonstrating
the following advantages:

(1) Controlling the initial phase of the reference signal through MCU code
enhances signal stability and simplifies phase adjustment, while also enabling external
control via buttons or upper computer software.

(2) Facilitating the controllable square wave demodulation, which enhances the
amplitude of the extracted debris signal.

(3) Elimination of complex analog phase adjustment, leading to a more
streamlined circuit layout, reduction of the overall system cost, and lower
susceptibility to noise interference.

4. Experimental Platform Configuration

4.1. Sensor Structure

The inductive oil debris sensor used in the experiment adopts a three-coil design,
the sensor consists of two excitation coils and one receiving coil, each with a width of
10mm. The coils are arranged horizontally in the order of excitation coil 1, receiving
coil, and excitation coil 2. All coils have an inner diameter of 13mm and an outer
diameter of 16mm, with a spacing of Smm between adjacent coils. Each coil is wound
using 0.24mm coated copper wire, comprising four winding layers with a total of 80
turns. The resistance and inductance of each coil are approximately 3.5Q and 340uH,
respectively. These coils are identical in material composition, length, and spacing,
and are wound around a ceramic framework. They are connected in a reverse-parallel
configuration to a common AC current source to ensure magnetic field symmetry. An
induction coil placed at the center of the sensor aims for detection of variations in the
magnetic field when debris passes through the sensor. The entire coil assembly is
enclosed within a metal housing for electromagnetic shielding, as depicted in Figure
6:

Figure 6. Schematic Diagram of the Framework and Housing



An 80 kHz sine wave as the input of the sensor is initially amplified to 25 V and
used to drive the sensor. At the output, the sensor generates a signal at the microvolt
level. A two-stage amplification circuit increases the signal by a factor of
approximately 10,000 before it is passed to the mixer, where demodulation is
performed using an 80 kHz square wave as a reference signal. After demodulation, a
fourth-order Butterworth low-pass filter is applied to eliminate the carrier signal and
suppress most of the noise.

The proposed sensor exhibits a fast response characteristic, and no observable
delay is detected between debris passage and signal output. When the spatial distance
between two debris exceeds 25mm, their signals can be fully separated. In the
continuous measurement experiments, a spacing of 300mm was used between
consecutive debris to ensure that no signal overlap occurs.

4.2. Experimental Platform Setup

To facilitate equipment debugging and accurately simulate debris movement in
oil flow, an experimental platform was designed for debris detection. First,
prefabricated debris is attached to a transmission rope using insulating tape. A motor
is then employed to drive the rope, causing the debris to pass through the induction
region of the sensor. Finally, the output signal by the sensor is captured and recorded
by an oscilloscope. Compared with a real lubricating oil circulation system, the
rope-driven apparatus has certain limitations, particularly in its inability to reproduce
the stochastic motion of wear debris in turbulent oil flow. In addition, it does not
capture the morphological diversity of real debris. Nevertheless, this experimental
setup offers a short testing cycle, supports repeated high-throughput measurements,
and enables debris recycling, thereby ensuring good experimental consistency despite
its simplified configuration. The schematic and physical layout of the experimental
platform are presented in Figure 7 and Figure 8:
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Figure 7. Schematic diagram of the experimental platform



Figure 8. Experimental and testing platform
The transmission rope is made of nylon, whose magnetic permeability is close to
that of air, thereby minimizing its influence on the sensor’s internal magnetic field.
Moreover, nylon exhibits good elasticity and moderate damping characteristics, which
reduce the likelihood of slippage when the rope moves over the pulley. The debris is
fabricated in a spherical shape, and its diameter is precisely measured and recorded
under a microscope for subsequent analysis.

5. Debris Data Analysis

In this section, the developed apparatus initially examines the effectiveness of
square-wave demodulation, and then conducts a comparative analysis of the signal
amplitudes of debris made from different materials under various MPD values.
Finally, quantitative analysis on the sensitivity of the sensor is performed. In all
experiments, the sensor diameter selected is 13mm, and the baseline noise amplitude
is controlled at the magnitude of 1mV using post-amplification. Each test was
repeated multiple times, and the data were statistically analyzed. The coefficient of
variation(CV) was introduced to evaluate data dispersion. The CV is formulated by
Eq. 14.

CV=SD/A (14)

where SD refers to the standard deviation of repeated measured data, and A is the
average signal amplitude. A lower CV value reflects weaker data dispersion.
5.1. Comparative Study on Square Wave Demodulation

To assess the practical performance of the square-wave demodulation technique,
the DCE method is employed to generate square, sine, and triangular waveform
reference signals. In conjunction with the conventional phase adjustment method,
these reference signals are utilized to compare the induced signals produced by
200um iron debris. During the experiments, the MPD value is set to zero. The debris
signals are illustrated in Figure 9:
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Figure 9. Comparison of Debris Signals from different demodulation methods
It can be observed that the square wave reference signal produces the highest
amplitude of peak-to-peak values (Vpp), while the triangular wave results in the
lowest Vpp. The traditional phase-shifting method yields a signal amplitude in
between those by sinusoidal and triangular wave demodulations, indicating that the
square wave demodulation method is most effective.

To ensure the reliability of results, the above experiments were repeated ten
times, and the average values of Vpp, CV, and SNR were calculated and summarized
in Table 1.

Table 1
Comparison of demodulation effects of different methods

square wave sine wave triangular wave  traditional method
Vpp(mV) 32.44 29.33 25.13 27.68
CV(%) 2.5 2.6 4.5 5.1
SNR(dB) 30.22 29.34 28.01 28.84

Compared with other demodulation schemes, the proposed square-wave
demodulation yields the highest Vpp of 32.44 mV, showing a 10.06% improvement
over sine-wave demodulation and a 17.22% increase over the traditional method. The
variation in CV values by 2.5% confirms good repeatability. The slightly lower SNR
of the traditional method is attributed to additional phase-shifting components that
introduce higher noise.It is noted that the amplitude of Vpp by the square-wave
demodulation signal increases by 10.06% as compared to results by the sine-wave
demodulation, while it remains approximately 13.31% lower than the theoretical
value. This discrepancy is likely attributed to the slight waveform distortion in the
square wave demodulation generated by the AD9833 chip, leading to a certain degree
of signal attenuation. Considering the sine wave as a reference signal, the output by
the traditional phase-shifting demodulation method is slightly lower than that by the
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dual-AD9833 configuration. This is mainly due to the requirement of additional
analog phase-shifting components in the traditional sine demodulation, which
introduces the higher level of circuit noise.

5.2. Comparison of signal amplitudes at different MPD values

To verify the impact of the magnetic susceptibility represented by the phase ¢ of
different metal materials on the signal demodulation of phase-locked amplifiers in
practical monitoring process, the DCE method is applied to vary the MPD values.
Signals are collected when monitoring metal debris with various magnetic properties
and diameters.

Taking the reference signal phase as the baseline, the sensor signal phase is
programmatically controlled to investigate the signal response under the consideration
of different MPD values ranging from 0 to 2z with a step size of n/50. For each MPD
value, the signal corresponding to each debris property is collected for 20 times, and
then, the average Vpp is calculated. In the experiments, properties of metal debris
considered include: 200pum iron debris, 400pm SUS304 debris, 500um SUS316L
debris, 500um copper debris, 500pum brass debris, and 500pum aluminum debris. The
calculated Vpp of all debris samples across the pre-defined MPD range of 0 to 2w are
provided in Figure 10:
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a) MPD-Vpp Curves for Iron, SUS304, and SUS316L Debris
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Figure 10. Vpp of Different Materials Debris at Various MPD Values

Figure 10 shows the Vpp of the monitoring signals for six types of debris with
different properties across the MPD range from 0 to 2w, To ensure reliability, each
data point represents the average of 20 repeated measurements. The CV for all results
is below 3.5%. All signals exhibit a sinusoidal-like waveform. In Figure 10, a positive
Vpp indicates that the signal's peak precedes its trough, while a negative value
indicates the opposite. Due to the differences in material properties, the MPD values
at which the signals reach their maximum Vpp differ significantly. The MPD value at
which the demodulated signal Vpp reaches its maximum positive value is defined as
the optimal MPD. When the debris signal is at the optimal MPD+n/4 (or +5n/4), the
signal becomes undetectable, completely submerged in noise. This observation
confirms the results from Eq. 4, Eq. 13, and the related analysis. It is also noted that
Iron debris, SUS304 and SUS316l debris are able to excite good signal amplitudes at
MPD values between 10n/50 and 14n/50, while copper, brass and aluminum debris
achieve the remarkable amplitudes with MPD values between 817m/50 and 85m/50.
Compared to the traditional method that sets the MPD to 0, the signal amplitude
induced by each type of debris increases significantly, by up to 3.48 times for copper
debris, 2.81 times, and 2.55 times for copper, brass, and aluminum debris,
respectively. Based on the magnetic susceptibility of the debris and the phase-locked
amplifier demodulation characteristics, the determination of the optimal MPD
configuration for signal enhancement depends on the material property. Therefore, in
practical debris monitoring, the MPD parameter should be dynamically adjusted
according to the magnetic properties of the detective debris.

As indicated by Eq. 13, the signal amplitude variation rate near the optimal MPD
value is small, and environmental noise from electromagnetic interference,
mechanical vibrations, etc., affects the determination of the optimal MPD



significantly. In contrast, the signal amplitude variation rate at the worst MPD value is
large, and the phase difference of /2 between the two is observed. This suggests that
the optimal MPD value can be inferred using the MPD value in some cases where the
debris signal is completely submerged in noise. To verify this conclusion, the
following experiment is designed: 500um aluminum, copper, and brass debris are
spaced 200mm apart and fixed to the same nylon rope. Signals are collected at
specific MPD values, with the results shown in Figure 11.
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Figure 11. Signals Obtained from Copper, Brass, and Aluminum Debris at Selected
MPD Values

It is observed in Figure 11 that the copper debris signal initially has an amplitude
higher than those by the aluminum and brass debris, then lower, and again higher over
the range of 54n/50 to 57n/50 for MPD. When the MPD value is equal to 56m/50, the
copper debris signal is submerged in noise and the optimal MPD for copper is 817/50,
which is inferred by the addition of /2 to 56n/50. The purpose of fixing the
aluminum and brass debris at both ends of the copper debris is twofold: First, to mark
the position of the copper debris signal; and Second, to demonstrate that the MPD
values for aluminum, copper, and brass have slight differences. This observation also
applies to the iron and SUS304 debris. Using this method, the optimal MPD values
for the six types of debris used in the experiment are listed in Table 2.
Table 2
Optimal MPD for Different Debris

component size/pum magnetic optimal MPD
SUS3161  Austenitic structure doped 400 Weak 6m/50
SUS304 with nickel and chromium 500 ferromagnetism 107/50
iron 99.9% or more iron 200 ferromagnetism 9m/50

aluminum  99.9% or more aluminum 500 paramagnetism 83m/50



copper 99.9% or more copper 500 ) ) 817/50
. diamagnetism
brass Copper-Zinc alloys 500 831/50

The significant material-dependent differences in the optimal MPD observed in
Table 2 can be explained from the perspective of the magnetic properties of metallic
debris and the signal demodulation process. Under the alternating magnetic field of
the inductive sensor, different debris exhibit considerable differences in complex
magnetic susceptibility. Therefore, the corresponding magnetic susceptibility phase
angle zy, in Eq. 9 also varies significantly. According to Eq. 13, the demodulation
performance is best when the reference signal phase ¢, is adjusted to match the zy..
However, due to the very short residence time of debris passing through the sensor,
the ~y, of debris cannot be directly measured. Thus, it can only be determined by
adjusting the phase difference between the reference signal and the sensor signal
without debris, while determining the ¢, by observing the optimal output.

the significant difference in optimal MPD values for different metallic materials
is primarily attributed to the relationship between the real and imaginary parts of the
complex magnetic susceptibility y.=y."jx.". The real part y,’ represents the strength of
the magnetization effect, where ferromagnetic materials exhibit an in-phase response
with the excitation signal, while non-ferromagnetic materials tend to exhibit an
opposite-phase tendency. The imaginary part y,” represents the strength of the
eddy-current effect, which introduces an approximate n/2 phase lag relative to the
excitation.”

For ferromagnetic materials, the response is mainly dominated by magnetization
effects; therefore, the optimal MPD tends to be located near 0, where the demodulated
signal reaches its maximum positive Vpp. In contrast, for non-ferromagnetic materials,
the response is dominated by eddy-current effects combined with the opposite-phase
magnetization contribution, resulting in an effective response that leads to a minimum
negative Vpp around MPD~=n/4.

Furthermore, due to the periodicity of the demodulation process, all materials
exhibit a second response with identical magnitude but opposite polarity after a phase
shift of n. Considering that the optimal MPD is defined as the phase difference
corresponding to the maximum positive Vpp, the optimal MPD values for
ferromagnetic and non-ferromagnetic debris are accordingly identified near 0 and
3n/4, respectively.

Based on the above analysis, it is concluded that each type of metallic debris
exhibits a distinct optimal MPD to achieve the corresponding maximum signal
response, owing to its unique characteristic of complex magnetic susceptibility. In
practical monitoring applications, the optimal MPD values for different types of wear
debris can be determined through preliminary calibration experiments and stored in a
database. During actual operation, the appropriate optimal MPD value can be selected
from the database according to the type of wear debris being monitored and then
applied to the monitoring system. The system also has the ability to realize a real-time
MPD adjustment through external control commands, by dynamically tuning the
demodulation phase to match the optimal value for the target debris material, the
sensor can achieve the maximum detection sensitivity and SNR for that specific



material. In more general monitoring scenarios where multiple types of debris may
coexist, multiple parallel demodulation channels can be integrated into the sensor
circuit. Each channel is configured with a different preset MPD corresponding to
common wear materials. By comparing the signal amplitudes obtained from different
demodulation channels, the system can not only obtain high-SNR signals for each
material, but also realize simultanecous material identification based on patterns of
characteristic responses.

5.3. Sensor sensitivity analysis

To further evaluate the capability of the proposed method for debris monitoring,
experiments for identifying detection accuracy are conducted on typical ferromagnetic
material including iron debris and diamagnetic material (copper debris). Debris
samples of different sizes are selected, for example, copper debris with diameters of
200um, 300um, 400pm, and 500pm, and iron debris with diameters of 80pum, 100um,
120pm, and 140pm.

The experiments are divided into two groups: iron debris and copper debris,
which sequentially pass through the sensor. According to the observations described
in Section 5.2, it is noted that different MPD values should be set for debris with
different material properties to achieve the better SNR. Therefore, in the experiments,
the MPD value is set to 9n/50 for iron debris detection and 817/50 for copper debris
inspection. To ensure the reliability of results, each experiment was repeated 10 times.
The typical signal waveforms obtained in the presence of copper and iron debris are
shown in Figures 12 and 13, respectively.
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Figure 12. Signal waveforms of copper debris with different diameters
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Figure 13. Signal waveforms of iron debris with different diameters

Based on 10 repeated measurements, the average value of Vpp for 200 um
copper debris is 2.46 mV, and for 80 um iron debris is 2.05 mV. Due to the relatively
low signal amplitude, the proportion of random background noise increases, leading
to a higher CV by 10.5% and 9.8%, respectively. It is worth noting that the
magnitudes of these two signals are slightly more than twice the baseline noise level.
Therefore, 200pum and 80um can be considered the minimum detectable diameters for
copper and iron debris, respectively. Generally, under identical experimental
conditions, the smaller the diameter of the sensor channel is, the smaller the minimum
detectable debris size is. The sensitivity factor S [46] can be expressed by Eq. 15:

S=D,/D, (15)

where Dy represents the channel diameter of the sensor, and Ds represents the
minimum detectable debris diameter. A larger value of S indicates the better sensor
performance.

According to the results obtained using Eq. 15, the proposed sensor achieves
sensitivity factors of 162.5 for ferromagnetic iron debris and 65 for diamagnetic
copper debris. In comparison, the existing inductive sensors described in Section
Introduction typically exhibit sensitivity values in the range of 20-35 for iron debris
and 6-10 for copper debris. These remarkable improvements indicate that the
proposed system provides significantly enhanced overall detection performance,
particularly for detecting non-ferromagnetic wear debris, while maintaining the high
sensitivity of detections even for a 13mm large-diameter pipeline. The numerical
quantitative comparison with existing research results is shown in Table 3:

Table 3
Comparison of results from different methods



Minimum Minimum

Pipe detectable iron detectable copper
Reference diameter debris debris Core technical features
(mm) (um)/Sensitivity (um)/Sensitivity
factor S factor S
Li et al. [30] 1.0 50/20.0 105/9.5 Planar coil design for
improved resolution
Inductance-impedance
Ma et al. [31] 0.5 20/25.0 60/8.3 .
correlation model
Silicon steel sheet
Zeng et al. [32] 0.9 33/27.3 90/10.0 magnetic field
optimization
Orthogonal
Shen et al. [33] 3.0 93.5/32.1 447.3/6.7 experiment, coherent
demodulation

Dual-chip excitation,
This work 13.0 80/162.5 200/65.0 tunable MPD, square
wave demodulation

From Table 3, it can be observed that, compared with existing approaches, the
proposed method achieves a 5-10times improvement in detection sensitivity. In
addition, the larger channel diameter enables operation under higher oil flow
conditions, making the method more suitable for practical applications.

6. Conclusion

Inductive debris sensors currently encounter two primary challenges during the
LIA process. First, traditional mixing techniques involve complicated adjustment of
the reference and demodulation signals, making the process time-consuming and
highly vulnerable to external interference. Second, conventional monitoring methods
typically set the value of zero to the MPD, which is effective for detecting
ferromagnetic debris such as iron, but may lead to the omission of diamagnetic debris.
To address these limitations, this study proposes a DCE approach, which enables
compact circuit integration and facilitates rapid phase adjustment of the reference
signal via a MCU. Moreover, a square-wave reference signal is introduced to enhance
the signal amplitude. Compared with traditional techniques, this method improves the
Vpp by 19.11%. Furthermore, the study explores the application of DCE-based phase
modulation for capturing signals of debris with varying magnetic properties. The
experimental results indicate that the optimal MPD value for achieving the maximum
signal amplitude depends on the material properties. Compared to the traditional
method of setting the MPD to 0, adjusting the MPD according to the monitored debris
type significantly improves the signal amplitude. As a typical example, when the
MPD is properly adjusted, the signal amplitude for copper debris is increased by 3.48
times. Ultimately, the proposed sensor is capable of detecting copper debris down to



200um and iron debris as small as 80um in a 13mm diameter pipe system. Its
corresponding sensitivity factors are 65 for copper and 162.5 for iron.

This work provides a practical solution for optimizing the LIA circuitry,
reducing system complexity, while enhancing signal amplitude. For material
magnetism, it introduces a novel strategy to achieve high-quality debris signals by
tailoring MPD settings and lays a solid foundation for high-precision monitoring of
wear debris with diverse magnetic characteristics in various industrial environments.

Appendix
Appendix Table A
Variable Explanation
Symbol Physical meaning Unit ég E Zi‘gﬁf
B(x,?) Total axial magnetic flux density in the sensor T (D)
BL. Br Magnetic flux de:;itii/a%ie()rfzegﬁ(sl by left and right T 1), 2)
1 Amplitude of excitation current A (1), (2)
w Angular frequency of excitation current rad/s (1), (3),(9)
o Permeability of free space H/m 2), (3), (5
e Number of turns per unit length of excitation coil = turns/m (1), (2)
G(x) Geometric function of excitation coil set - (1), (6), (9)
t Time S (1), (8), (10)
le Length of single excitation coil m 2)
Re Radius of excitation coil m 2)
Bus, Bur Axial center posi‘[ionscc;fi 11:ﬂ and right excitation m 2)
d Spacing between excitation coil and induction coil m 2), (7
a Radius of spherical metallic debris m (3), (6), (9)
m Magnetic dipole moment of magnetized debris A-m? 3), (9
Xa Complex magnetic susceptibility of metallic debris - 3), %), (9
H Intensity of applied alternating magnetic field A/m 3)
x' Real part of complex magnetic susceptibility - @)
x" Imaginary part of complex magnetic susceptibility - 4)



Symbol Physical meaning
LYa Phase angle of complex magnetic susceptibility
B, Magnetic dipole field geqerated by magnetized
debris
. Distance between magnet'ic dipole and observation
point
2 Unit vector pointing frqm dipole to observation
point
D Total magnetic flux induced in the induction coil
Gi(x) Geometric function of induction coil
l; Length of induction coil
n; Number of turns per unit length of induction coil
R Radius of induction coil
&(t) Induced electromotive force in the induction coil
X Axial position of debris in the sensor
v Movement speed of debris
fe Frequency of excitation signal
A(t) Modulation envelope of the induced signal
or Phase of reference signal
Ay Amplitude of reference signal
s Mg M et wave references
Ccv Coefficient of variation of experimental data
SD Standard deviation of repeated measured data
A Average value of measured signal amplitude
Ds Channel diameter of the sensor
Dd Minimum detectable debris diameter
S Sensitivity factor of the sensor
Appendix Table B

Explanation and Source of Formula Meaning

Unit

rad

Wb

Appearing
Equations

(4), (6), 9), (13)

®)

®)

®)

(6), (8)
(6), (7, (9)
(M
O
(M
(8, ()
(1), (6), (8)
®)

&)
9), (13)
(10), (13)

(10), (13)

(13)

(14)
(14)
(14)
(15)
(15)
(15)



Equation

(M

2

3)

“)

®)

(6)

(7

®)

©

(10)

an

(12)

(13)

(14)

Equation Meaning

Describes the superposition of axial magnetic fields
generated by two reverse-parallel excitation coils, forming
the basic excitation field of the sensor

Calculates the axial magnetic field distribution of a single
solenoid excitation coil, which is the basis for deriving the
total excitation field

Defines the magnetic dipole moment of a small spherical
metallic debris magnetized in an alternating magnetic field

Presents the complex magnetic susceptibility model of
metallic materials, describing both the amplitude and
phase characteristics of magnetization response

Describes the spatial distribution of the magnetic field
generated by a magnetic dipole in free space

Calculates the total magnetic flux induced in the
multi-turn induction coil by the magnetized wear debris

Defines the geometric function of the induction coil,
describing its spatial sensitivity distribution

Faraday's law of electromagnetic induction, the
fundamental physical principle underlying inductive
sensing

Core signal model of this work: approximate expression
of the induced electromotive force, obtained by neglecting
small velocity-dependent terms through
order-of-magnitude analysis

Defines the sine wave reference signal used in traditional
lock-in amplification demodulation

Fourier series expansion of the square wave reference
signal, used to analyze the demodulation performance of
square wave references

Fourier series expansion of the triangular wave reference
signal, used for comparative analysis of demodulation
performance

Derives the demodulated output amplitudes of lock-in
amplifiers using sine, square, and triangular wave
references, revealing the quantitative relationship between
mixing phase difference (MPD) and signal amplitude

Defines the coefficient of variation, a statistical metric
used to evaluate the dispersion and repeatability of
experimental data

Equation Source

Original derivation of
this work

Original derivation of
this work

Cited from references
[43]

Cited from references
[44]

Cited from
references[43]

Original derivation of
this work

Original derivation of
this work

Fundamental physical
law

Original derivation of
this work

Original definition of
this work

Fundamental
mathematical formula

Fundamental
mathematical formula

Original derivation of
this work

Standard statistical
formula



Equation Equation Meaning Equation Source

Defines the sensitivity factor, a standardized metric for
(15) comparing the performance of inductive debris sensors
with different pipe diameters

Cited from references
[49]
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