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Abstract: Metal debris from bearing wear occurred in the lubrication system of aircraft engines
represents valuable information, which can be utilized to assess the current engine condition and
further enable the life-cycle prediction. The demodulation of debris signals consists of two parts:
mixing and filtering. In traditional methods, the mixing process is complex to adjust and prone to
failure, while the filtering employs the fixed low-pass filtering, which significantly affects the
demodulation performance when the debris flow rate changes. To address these issues, this paper
proposes a novel demodulation model to enhance the demodulation performance and increase the
signal-to-noise ratio of chip signals. Firstly, the circuit innovatively adopts a self-frequency
mixing method to avoid the complex phase adjustment required by traditional reference-frequency
mixing methods for the improved stability of the circuit. Following that, a digital potentiometer is
employed to implement the flow rate filtering, enabling precise control over the filter type and
range, thus mitigating signal distortion caused by changes in flow rate and increasing the
signal-to-noise ratio. Throughout extensive experiments and data analysis, the self-frequency
mixing method improves the signal-to-noise ratio by 0.72 dB and reduces the signal standard
deviation by 59.12% as compared to the reference-frequency mixing method. Considering the
debris flow rate in the range of 0.2 to 0.5 m/s, the flow rate filtering method improves the
signal-to-noise ratio by 19.71 dB and reduces the amplitude standard deviation by 66.18%, as
compared to results by the traditional fixed low-pass filtering method. Results demonstrate that the
aforementioned circuit design effectively enhances the signal amplitude and stability of inductive
oil debris sensors in the wear assessment of mechanical systems and provides useful insights into
the development of advanced sensors used in the field of structural health monitoring.
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0.Introduction

The bearing component of aircraft engines operate at high speeds and under heavy loads,
leading to the generation of metal debris due to wear[l, 2]. To reduce friction caused during
bearing operation and prolong the bearing life, lubrication systems are designed for the bearings to
mitigate the wear[3, 4]. The debris travels through the bearing in the lubrication system and is

discharged after the filtration process[5]. Numerous studies have found that as the engine operates
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over time, the quantity and volume of metal debris generated by the bearings increase[6, 9].
Therefore, the condition of the bearings can be assessed by monitoring the quantity and size of
debris in the lubricant, enabling the reliable engine life prediction[10, 12].

Considering the different physical properties of debris, research on oil debris monitoring has
been conducted by various methods, including optical monitoring[13], radiographic
monitoring[14], and electromagnetic monitoring[15], etc. Inductive oil debris sensors have
advantages including the simple principle, small size, and clear signal mapping relationship,
making them widely used in lubrication systems of large equipment such as aircraft engines and
turbines[16, 17]. Early inductive debris sensors were single-coil structures proposed by Flanagan,
consisting of a coil wound on a non-magnetic tube[18]. The coil, when energized, can detect
changes in impedance within the tube, and the output signal from the coil is collected to determine
the size of the debris in the signal amplitude analysis. In 2000, Miller et al. proposed a three-coil
inductive debris sensor, which provides a stable magnetic field under static conditions using two
opposing excitation coils and an induction coil placed in between[19]. This structure significantly
improved the measurement accuracy and stability, capable of detecting 125um debris in a 12mm
diameter pipe. Ren et al. also improved the traditional three-coil structure using two semicircular
induction coils. With a pipe diameter of 34mm, this sensor greatly enhances the accuracy of
electromagnetic sensors and can detect ferromagnetic particles and non-ferromagnetic particles as
small as 120um and 210um, respectively[20, 21].

The signal processing circuit of the sensor employs Phase-Lock-in Amplifier (PLA)
technology to demodulate the signal. This method requires the mixture of a reference signal and
the sensor signal before filtering to obtain the debris signal[22, 23]. However, this process
encounters two main issues. Firstly, the reference signal needs to be in-phase and in-frequency
with the sensor signal. This process involves an intricate phase adjustment. Moreover, variations
in environmental temperatures can lead to changes in signal phase. Secondly, the low-pass
filtering has to be used to remove the signal carrier wave in the filtering process. However, fixed
filtering parameters cannot effectively filter signals from debris under different flow rates as the
frequency of the debris signal is proportional to the oil flow rate.

1 Sensor and Circuit Introduction

1.1 Sensor Structure Overview

The sensor used in the experiment is a dual-exciter, single-inductive sensor. It consists of two
excitation coils connected in parallel in opposite directions on both sides to generate a stable
magnetic field. These coils have identical material properties, lengths, and coil interval. The
induction coil is responsible for receiving the signal when the magnetic field changes within the
sensor. It is wound around the center of the sensor without any external excitation. The structure

diagram is shown in figure 1 below:
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Figure. 1: Schematic Diagram of a Three-Coil Debris Sensor

When the sensor is in operation, the excitation source provides a high-frequency alternating
current signal to the excitation coils, generating an alternating magnetic field around the coils.
Since the two excitation coils form a symmetrical structure in opposite directions, the magnetic
field intensity inside the pipe at any given time is symmetrically distributed if there is no debris
passing through. As a result, the induced electromotive forces generated on the induction coil by
the alternating magnetic field cancel each other out, and the induction coil does not produce any
induction signal. However, when debris passes through, the internal magnetic field of the sensor
changes, disrupting the magnetic field balance within the induction coil. This disruption causes the
induction coil to generate an induced electromotive force, which is then received by the processing
circuit. In this process, the excitation coils are subjected to a high-frequency alternating current
signal with a frequency of several tens of kilohertz. When metal debris passes through the sensor,
the signal received directly by the induction coil is an amplitude-modulated signal. The carrier
frequency is the same as the excitation source frequency, while the modulated signal contains the
debris information.
1.2 Introduction to conventional signal processing circuits
The sensor's complementary circuit consists of an excitation circuit and a signal processing circuit.
In the excitation circuit, an STM32c8t6 chip is used to generate a sinusoidal signal with a
frequency of 80 kHz. Amplified by a certain factor, this signal is then used as both the excitation
signal and the reference signal for the sensor. The signal processing circuit is designed to
demodulate the sensor signal. The schematic diagram of the required circuit is shown in figure 2
and its principles are described as follows:
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Figure. 2: Schematic Diagram of Signal Processing Circuit

1.The signal from the induction coil passes through a capacitor Cs for impedance matching, and
then it is appropriately amplified by a certain factor using an amplifier to obtain the sensor signal.
2.A phase-shifting circuit is used to adjust the phase of the reference signal to be in phase with the
sensor signal.

3.These two signals are then inputted into a PLA module aiming at frequency mixing.

4.A low-pass filter is utilized to remove the carrier wave and most of the noise for the extraction
of the debris signal.

In the above process, mixing the reference signal with the sensor signal is termed as
Reference Signal Mixing (RFM). The phase difference between the reference signal and the
sensor signal is referred to as the mixing phase differences. Hence, the sensor signal can be
formulated as:



u, =a,(t)sin(24f, +¢.) (D
And the reference signal can be expressed as:
u, = A sin(24, +¢,) 2

where as(t) represents the debris signal gain, f. and ¢. denote the frequency and phase of the
carrier wave, respectively. Ar stands for the amplitude of the reference signal, whose frequency is
represented as ¢, .

Thus, the resulting signal is mathematically defined as:

u_, =(1/2)a,(t)A[cos(¢, —¢,)—cos(4xf, +¢. +¢,)] 3)

Finally, after low-pass filtering to remove high-frequency components, the expression for the
debris signal obtained through RFM is expressed as:

Uim = (1/ z)as (t)Ar COS(¢C _¢r) (4)

It is noted that when the phase of the reference signal aligns with the phase of the sensor signal,
the amplitude of the debris signal reaches its maximum value.

2.Improved Phase-Locked Amplifier

2.1 self-frequency mixing Circuit
To align the phase of the reference signal with that of the sensor signal, a phase-shifting circuit is
designed for such adjustment. The schematic diagram of the circuit is shown in Figure 3:
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Figure. 3 Schematic Diagram of the Phase-Shifting Circuit

The above diagram depicts a common first-order phase-shifting circuit, which adjusts the phase of
the input signal by varying the resistor R1. It is worth noting that the theoretical maximum phase

shift is 90° and the effective adjustment range of the phase-shifting circuit is typically less than 60°
in practical circuit applications. To achieve the precise in-phase alignment, it is necessary to

connect multiple phase-shifting circuits in series for adjustment. This process is cumbersome, and

variations in external temperature can induce the thermal drift in circuit components such as

resistors and capacitors, causing phase deviation from the original phase shift and distorting output

signals.

As the output signal varies significantly with phase differences between the reference signal
and the measured signal, Signal Self-frequency mixing (SFM) is proposed to mitigate signal
distortion caused by discrepancies in phase between the reference signal and the induced signal,
thereby simplifying the operational complexity and enhancing detection accuracy. Moreover, SFM
eliminates the need for phase adjustments even changes in sensor operating conditions are
considered. This method circumvents the tedious process of phase adjustment and mitigates phase
interference due to temperature drift. The schematic diagram of the circuit principle is illustrated



in figure 4:
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Figure. 4: Schematic Diagram of the SFM Circuit
With the implementation of SFM circuit, the improved debris signal processing can be divided
into the following steps:
1.Amplify the signal obtained from the induction coil by an appropriate factor to obtain the sensor
signal.
2.Split the sensor signal into two signals with the equal phase and amplitude.
3.Input the two signals into a phase-locked amplifier module for SFM.
4.Determine the main frequency of the debris signal through flow rate, allowing the single chip to
determine the reasonable resistance value of the digital potentiometer.
5.Utilize a Butterworth band-pass filter to remove the carrier wave and most of the noise,
extracting the debris signal.
The expression for the inputs of the mixer is defined as:

u, =a,(t)sin(24f, +¢,) (5

The expression for the SFM signal is:
U,, = (1/2)a, (t) A *[L-cos(4f, +2¢,)] (6)

Finally, after filtering out the high-frequency components, the expression for the debris signal

obtained by the self-mixing is formulated as:
Uy = (L/2)a (A 2

It is noted that the amplitude of the SFM is independent of the signal phase.
2.2Flow rate filtering

The output signal from the mixer contains both high-frequency and low-frequency
components. The low-frequency component, which represents the desired debris signal, needs to
be separated from the surplus signals. Thus, it is essential to determine the appropriate filter
bandwidth to eliminate unwanted signals.
The period of the signal generated by debris passing through the sensor can be approximated as
the duration from entering one excitation coil to leaving the other, as illustrated in figure 5:
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Figure. 5 Schematic diagram of debris signal cycle

When the velocity of debris is denoted at v and the length of the excitation coil is /, the center
frequency fy of the debris signal can be expressed as v/[. From this equation, it's evidenced that the
frequency of the debris signal is influenced by the flow rate. When the flow rate increases, the
frequency of the debris signal also increases. If a low-pass filter is set at a fixed cutoff frequency,
the filtering effectiveness may degrade or even fail when the flow rate changes. To address this
issue, this paper proposes the use of a digital potentiometer and a single chip based Butterworth
active band-pass filter. This filter adjusts the filtering range according to different flow rates, thus
mitigating the effects of velocity variations on the filtering effectiveness. The filtering circuit is

depicted in figure 6:
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Figure. 6 Schematic diagram of active band-pass filtering

The proposed filtering circuit includes two operational amplifiers, capacitors and resistors,
which constitute an active band-pass filter. The resistors are composed of two MCP42010 digital
potentiometers, which are controlled by the single chip. Each digital potentiometer contains two
adjustable resistors, with the resistance adjustment in the ranges of 0 to 10k, providing a total of
256 adjustment steps. Since this chip utilizes the SPI communication bus, multiple MCP42010
chips can be daisy-chained, allowing the single chip to control four resistors with a single

command. The high-pass cutoff frequency of the filter is formulated as:

1
27 /RR,CC,

(8

cH

And the low-pass cutoff frequency of the filter is determined by Eq.9:
1

S S
" 27 JRR,CC, )

In the actual circuit, fixed-value capacitors are selected and the bandwidth of the filter is



adjusted by varying the resistance of the digital potentiometer. Additionally, the use of digital
potentiometer offers the advantage of accurately selecting resistor values to form optimized filters,
such as Butterworth filters, Chebysheyv filters, and Bessel filters. In this experiment, a Butterworth
filter is employed, owing to its relatively flat frequency response within the pass-band and smooth
transition between the pass-band and stop-band.

3 Introduction to experimental platform

3.1 Introduction to Signal Processing Circuits

The sensor utilized in this experiment is designed into a three-coil structure and its coils are
wound around a ceramic frame. The coil assembly is housed within a metal casing, as depicted in
figure 7:

Figure.7 Schematic diagram of skeleton and Shell

The ceramic frame has an outer diameter of 14.5mm and an inner diameter of 13mm. Three
coil slots with each width of 10mm, are engraved on the ceramic frame. These slots spaced Smm
apart from each other, are symmetrically centered. The induction coil is located at the central slot,
while the two side slots accommodate the excitation coils. Using a winding machine, the copper
wire with a diameter of 0.2mm is wound around the alumina ceramic frame. Each coil is wound
with 6 layers, comprising 50 turns per layer. The excitation coils on both sides are wound in
opposite directions. After completing the coil winding, the ceramic coil frame is placed into a
stainless steel casing and securely fixed, with external wiring connections established.
3.2Introduction to the experimental platform

To assess the sensor quality and realize the movements of debris in the oil, an experimental
platform is constructed as follows: Initially, the pre-made debris is fixed onto a transmission rope.
Subsequently, the rope is driven by a motor to move, causing the debris to pass through the sensor.
Finally, the signal output is received and stored by an oscilloscope. The schematic diagram and the
apparatus of the experimental platform are shown in figure. 8 and figure 9, respectively:
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Figure.9 experimental and testing platform
The transmission rope is made of nylon material, whose magnetic permeability is close to
that of air, thereby minimizing its impact on the internal magnetic field of the sensor. Furthermore,
nylon rope exhibits excellent elasticity and moderate damping, making it less prone to sliding with
the pulley during the rope transmission. The pre-made debris is chosen as spherical debris.

4 Experimental results and discussion

4.1Comparison of mixed signals

With the proposed method, signals obtained from different mixing techniques are compared
to demonstrate the stability of the SFM. Signals representing the information of 200um debris are
processed by various mixing methods with different mixing phase differences (0, n/10, 2w/10,
3n/10, and 4n/10) are shown in figure 10. The debris velocity is 0.2m/s, and the filtering cutoff
frequency ranges from 3.5-6.5Hz.
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Figure. 10 Comparison of different mixing difference signals

It is noted that the amplitude of signals obtained by RFM gradually decreases as the mixing
phase difference gradually increases. Each type of signal is collected twenty times, and the
average signal-to-noise ratios are calculated as follows: 36.56dB, 32.15dB, 30.48dB, 21.83dB,
14.13dB, 13.93dB for the SFM signal and RFM signals with mixing phase differences of 0, 7/10,
27/10, 31/10, 4n/10, respectively. The signal-to-noise ratio of the SFM signal is slightly higher
than that of the RFM signal. Moreover, as the SFM method does not require tedious manual
adjustments, it can be better adapted to practical engineering requirements.
4.2 Diameter-amplitude mapping of SFM signals

Debris with diameters of 100, 150, 200, 250, and 300um are deliberately selected under a
microscope. Signals are then collected 20 times for each debris size using both the RFM and SFM
methods. Amplitude-diameter curves and standard deviation-diameter curves for the debris are
provided in figure 11 and figure 12 throughout the statistical analysis. During the experiments, the
debris velocity is set to 0.2m/s, and the filtering cutoff frequency varies in the range of 3.5 to
6.5Hz. A post-amplifier is employed to ensure that the average baseline noise measured in both
mixing methods is controlled to 1 millivolt. The mixing phase difference of signals is adjusted to 0
in the RFM method.
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Figure. 11 Comparison of diameter-amplitude mappings
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Figure. 12 Diameter-standard deviation comparison

In figure 11 and figure 12, it is evidenced that both signal amplitude and stability are
improved using the SFM method. The statistical analysis reveals that the SFM method shows an
average increase in amplitude of 0.72 dB, as compared to the RFM method. Furthermore, the
standard deviation is also significantly reduced by 59.19%.
4.3 Analysis of flow rate filtering effects

At different flow rates, signals of 200um debris processed by fixed low-pass filters and digital
variable band-pass filters are compared to demonstrate their superiority. Here, the SFM method is used
for signal processing in all cases. Debris signals are collected under the flow rate filtering in the range
of 0.2 m/s to 0.5 m/s with an increment of 0.05 m/s, and the corresponding center frequency is
5Hz-12.5Hz. Initially, the traditional low-pass filtering method uniformly sets the cutoff frequency to
16Hz, and signals obtained by traditional low-pass filters are investigated in figure 13. Then, signals

are obtained using the flow rate filtering method, in which the band-pass filter bandwidth is set to the



center frequency of the debris signal with a tolerance of £30%, as shown in figure 14.
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Figure. 13 Low-pass filtered variable flow rate signal map under the cutoff frequency of 16 Hz
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Figure. 14 Flow rate filtering signal map

In figure. 13 and figure 14, it is observed that the noise amplitude of the signal obtained by
traditional low-pass filtering methods is relatively high, which is unfavorable for monitoring
small-sized chips. However, after the same chip is filtered by the flow rate, the noise signal is
significantly suppressed. Furthermore, as the frequency increases, the number of sampling points
occupied by the debris signal gradually decreases, and the signal amplitude gradually diminishes.
Due to the wide bandwidth feature of the filter, the signal contains a significant amount of noise,
which severely affects the accurate identification of small debris particles.

For adjustable band-pass filtering, the bandwidth is narrower than that of traditional low-pass
filtering. Consequently, the amplitude of the signal obtained through the flow rate filtering is
slightly reduced and it almost maintains at the level of 20 voltage. Since the filter bandwidth

encompasses the central frequency of the debris signal and is within a reasonable range, the



signal-to-noise ratio of the debris signal becomes larger, and the amplitude of the debris signal
remains relatively stable. This stability is extremely beneficial to the size analysis of debris
particles. Throughout twenty experiments for statistical analysis, the debris signal amplitudes are
shown in Table 1. It is worth noting that when the debris flow rates range from 0.2 to 0.5 m/s, the
signal-to-noise ratio of flow rate filtering is averagely increased by 19.71 dB and the standard
deviation of the debris signal is reduced by 66.18%, as compared with results by the low-pass
filtering. This demonstrates both the signal-to-noise ratio and signal stability are significantly
improved by the proposed circuit design.
Table 1 Comparison table of filtered amplitude

flow rate(m/s) 0.2 0.25 0.3 0.35 0.4 0.45 0.5
low-pass SNR(dB) 21.05 | 21.17 | 20.85 | 20.22 | 19.69 | 18.75 | 18.22
filtering Std (mV) 0.41 0.43 0.85 0.74 0.52 0.48 | 0.68
flow rate SNR(dB) 38.13 | 37.53 | 36.41 | 37.48 | 36.72 | 35.71 | 36.24
filtering Std (mV) 0.23 0.30 0.53 0.48 0.38 039 | 041

5. Conclusion

To address two grand challenges arising from the post-processing of signals by inductive debris sensors,
the Self-frequency mixing method (SFM) is proposed to simplify the circuit testing process, enhancing the
stability of the mixing process. Meanwhile, a flow rate filtering method is introduced to precisely control the
type and range of filtering, thereby increasing the signal-to-noise ratio of the debris signal. The feasibility of
the proposed design is validated throughout experimental comparisons. Results indicate that SFM improves
the signal-to-noise ratio by 0.72 dB and reduces the signal standard deviation by 59.12% as compared to the
traditional method. Considering the debris flow rates in the range of 0.2 to 0.5 m/s, the flow rate filtering
method improves the signal-to-noise ratio by 19.71 dB and reduces the amplitude standard deviation by
66.18% in comparison of the results by the traditional fixed low-pass filtering method. Summarily, the
significance of this study is highlighted by its practical application for the realization of signal demodulation
with the improved stability and signal-to-noise ratio, and also provides a new approach for the monitoring of
debris in aviation engines and related equipment, laying a solid foundation for the health monitoring of

aviation engines.
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