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Abstract: That how to improve the sensitivity and the detection ability of the Large-caliber sensor is critical to
satisfy the requirement of heavy vehicle wear condition monitoring. In this paper, we introduced the LC
resonance principle to the design of sensor with large flow channel (7mm). The resonant exciting coil
increases the impedance change of the exciting circuit caused by wear particles which magnify the current
difference between the two exciting coils and improve the sensitivity of the sensor. The resonant induction
coil greatly suppresses the interference signals and magnifies the weak induced electromotive force which is
beneficial to enhance the detection ability. In order to boost the detectability for different materials particles, a
phase controlled variable-frequency exciting system (PCVFES) was adopted to automatically switch the
exciting frequency between 284kHz for ferromagnetic particles and 420KHz for non-ferromagnetic particles.
For the weak signal detection, based on the essential characteristic of the signal, we apply a simpler method
that modified lock-in amplifier (MLIA) rather than the conventional algorithms (Wavelet transform, EMD).
Results show that using these methods the sensitivity and the detection ability of the sensor are significantly
improved and the 75um iron particles and 220pm copper particles were successfully detected which realizes
the initial abnormal wear monitoring for the large flow project.

Key words: wear debris detection; resonance method; sensitivity; phase controlled variable-frequency exciting
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1. Introduction

The wear is the most common fault modality in mechanical equipment and also is one of the major obstacles
affecting the normal operation of machinery and equipment. With the development of modern industry, the
demands about continuity of production and the reliability of mechanical equipment continue to increase, therefore,
that the ability to precisely monitor the wear condition of mechanical equipment and to prevent serious malfunction
caused by excessive wear gradually show its significance. The wear debris detection sensor is thus an effective tool
for wear condition monitoring ['l and starts to show its great vitality because of the high detection efficiency,
veracity and the ability to timely reflect the wear state changing process of equipment.

At the present, some research institutions have manufactured various kinds of wear debris detection sensor
based on different physical principles mainly including optics (light scattering and diffraction), ultrasonic, electrics
(capacitance, resistance and inductance) and image 2. By comparing these sensors’ properties, it is shown that the
optical wear particle detection sensor is easily affected by the bubbles in the oil and gives false negative results.
And the ultrasonic wear particle detection sensor is easily disturbed by background noise and has lower
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temperature stability. These drawbacks greatly limit the use of this type of sensor under the complicated operating
conditions and extreme environment. The image type abrasive detection sensor has very complex structure which
judge the material properties of particles based on the color, so it is easily influenced by the inhomogeneity of light,
but actually, the most significant hardship is that the detection speed and precision are closely related to the image
processing algorithm, and it is difficult to guarantee high test accuracy and real time synchronously. While for the
electromagnetic wear debris detection sensor, with the advantages of simple and reliable structure, good
temperature stability and strong ability of anti-background noise it has shown more and more applications in the
wear monitor field.

For the study of this kind of sensor, institutions carried out various researches from different perspectives. The
first is that sensors with different coil structure were studied. According to the amounts of the coils in the sensor,
that can be divided into three kinds that single-coil, double-coil and three-coil abrasive detection sensor 3-8, the
advantages and disadvantages are listed in the 1. The first two kinds of sensors which have lower detection
sensitivity due to its structural restrictions are gradually showing marginalization. While the three-coil wear particle
detection sensor is widely studied [*-#], Besides that the sensors with different coil shapes were also studied which
mainly includes planar coil structure and spiral coil structure [>*191, The second important research direction is that
sensors with micro channel structure which outstanding characteristic is that the inner diameter of the channel is
often smaller than Imm U!-41but have high sensitivity. Generally this kind of sensor can successfully detect up to
20um ferromagnetic particles and 55um non-ferromagnetic particles, but because of the limitation of its maximum
flow rate, it is difficult to meet the requirements of the large flow engineering. The third is study on the recognition
method of the weak inductive electromotive force. In this area the most popular method is the threshold method.
With this approach, a metallic particle signature is confirmed if the amplitude of the sensor output signal is above a
preset threshold value. This is obviously valid only if the signal-to-noise ratio (SNR) of the signal is sufficiently
highl!3], While in the real sensor, especially for large-aperture sensor, the SNR is really small. Except that the other
two methods are also commonly used that are method based on wavelet transform and method based on empirical
modal decomposition (EMD) [15-20], These two methods use the similar idea that decompose the original signal into
multilayer according to the different signal components and filter out the invalid components and finally extract the
weak induced electromotive force. These methods indeed improve the detection effect of the weak signals to some
extent, but in real practice, the solution of the algorithm has certain requirements for the computing power of the
equipment and hard to ensure real-time processing of the signal. Besides that, it is difficult for the algorithm to
adaptively adjust its own parameters according to the particle size and the particle movement speed, so the weak
signal extraction method still need further study.

The research in this paper is driven by the online wear state monitoring requirements for heavy vehicles and
studied the method of improving the sensitivity and the weak signal extraction method for the large flow (allowable
maximum flow >28L/min) sensor. In order to improve the sensitivity of the sensor, the parallel resonance principle
was introduced to the traditional three-coil wear particles detection sensor. Through replace the impedance change
of coil caused by debris by the impedance alteration of the LC circuit around the resonant frequency the sensitivity
of the sensor can be significantly improved. For the weak signal extraction method, according to the characteristic
of the weak induced electromotive force that has an equal frequency with the reference signal, a measurement
system based lock-in amplifier (LIA) was designed to extract the effective signal from the noise, Because the best
detection frequency for ferromagnetic and non-ferromagnetic particles is different, so a phase controlled
variable-frequency exciting system (PCVFES) was joined to the measurement system. This signal detection system
is all implemented by hardware and not need any additional mathematical algorithms, so that greatly reduced the
amount of computation of the system and more satisfied the requirements of real-time and reliability of the vehicle
wear state detection project.
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2. Device description
2.1 The novel structure and parameters of the sensor

Fig.1a illustrates the novel structure of the three-coil wear particles detection sensor that contains a shell made
by 304 steel, an electromagnetic shield layer, a ceramic coil frame, two exciting coils, an inductive coil, and the
corresponding resonance capacitor. In the sensor, The two reverse exciting coils with same sine wave current
enwind on the both sides of the coil frame made by machinable ceramics (thermal conductivity A=1.71W / mk),
and the inductive coil lies in the middle of it. The ceramic was adopted on the coil frame because of both its
magnetic insulation and low thermal-conductivity to reduce the effect of the heat of the high temperature oil in the
flow channel on the detection sensitivity. The electromagnetic shield layer is made of the combination of copper
foil and ferrite to decrease the interference of external electromagnetic fields. Meanwhile, the resonance
capacitances are connected to the exciting and inductive coils to form LC parallel resonance circuit and make these
coils working on resonance state simultaneous. And it needs to be emphasized that for the best measurement, the

resonance frequency of exciting coil and inductive coil must be consistent.
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Fig.1 structure of the sensor

The structure of the core component of the sensor is shown at Fig.1b. Through the final optimization of
previous work 2! the structure parameters of the core component were obtained. And the optimized structure
information is listed in Table 1. In order to meet the flow demands of practical engineering application, especially
for some significant mechanical devices such as the airplanes, vehicles and boats; the inner diameter of this sensor
was designed to 7mm which assure the maximum allowable flow can reach to 35L/min. In the mechanical system,
the size of wear debris range from 20pm to50um during the normal wear period, while in the initial abnormal wear
stage the particle size increase to 50um to 100pm. As a consequence, in order to achieve effective monitoring of the
abnormal wear stage, the sensor must be able to successfully detect 50 -100um particles. But with the increase of
the diameter of flow channel, the sensitivity and the detection capability about micro metal particles decreased.
Therefore, that improving the sensitivity and the weak signal detection capability is significant process in the
engineering process of such sensors.

Table 1. Parameters of the sensor

Inside channel Outside channel Exciting coils
Width of coil a Coil spacing b
diameter d diameter d, spacing |,

2 mm 2.5 mm 7 mm 10 mm 9 mm
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Turns of exciting  Turns of inductive ~ Exciting Current
Wire diameter d,
coil N, coil N, 1,

0.2 mm 180 195 507 sin(w,t+¢,)

The inner magnetic field of the sensor B, is composed by the magnetic field of the two exciting coils. The

magnetic induction along the axis of single coil B,, (X,y) is shown at 211, so the B_, can be found in equation (1).

Using the above optimized parameters to calculate the distribution of the magnetic field in the sensor, we can
obtain that the maximum value of B, is 0.035T located near the middle of the exciting coil. When wear particles

enter into the sensor, the magnetic field in the exciting coil will be changed AB(X,Y) , so the alteration of the

magnetic flux caused by particles is as equation (2), and the induced electromotive force output by the induction
coil can be described as Equation (3). So the magnitude of the induced electromotive force is related to the change
rate of the product of the inductance and current in the coil. For a particular coil, the effect of metal wear particles
on coil inductance is very weak, so the main method of increasing the induced electromotive force and improving

sensitivity of the sensor is to enlarge the current alteration in the exciting coil caused by wear particles.

Bsx =Bsol(X’Y)_Bsol<X+105y> (1)
A¢=IAB(X,y,t)dS (2)

E_NAP_ A LxD 3
At At

The original coil inductance of the sensor in the empty situation can be written as equation (4). And the

magnetic coupling between the two exciting coils leads to mutual inductance effect which will change the

inductance of the exciting coils. The mutual inductance can be expressed as equation (5)

212
=54t Ndo (4)
4 aw
T, d;’
M=?0N2a_22(klﬂ_2kze+k3F3) (5)

Where: y, =4 x 107 is permeability of vacuum, N is turns per coil, d is the mean diameter of the coil, d>

is the outside diameter of the coil, a is the width of coil, w is thickness of coil, and kl. E as follows:

k= (d, /27 +1°

Femiiieos
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A=d,/(2k)

So the equivalent inductance of single exciting coil is Le=L-M. Based on the calculation, the theoretical

A +1

inductance of the exciting coil and inductive coil are 300.8uH and 408.6uH respectively. And the mutual
inductance between the two exciting coils is M=45.586pH. In experiment, we measured these inductances by
TONGHUI digital electric bridge tester (TH2821B) and found that the real equivalent inductance of exciting coil is
313.5puH and the inductance coil is 427.2uH. The mutual inductance of the two exciting coils can be obtained that
M =43.3uH.
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2.2 The method of improving sensitivity

Based on the equation (3), that increase the current change in the exciting coil when wear debris enter into the
sensor can improve the induced electromotive force and improving sensitivity of the sensor. So in order to boost the
sensitivity and validity of the sensor with large aperture, The LC parallel resonance method was introduced to the
traditional three-coil wear particles detection sensor. By ensuring the excitation coil in the resonance state to
enlarge the current in the exciting coil and make the metal particles produce a stronger magnetization or eddy
current effect to increase the impact on the external magnetic field. And because of the impedance change of the LC
parallel resonant circuit caused by wear particles is larger than impedance change of the inductance coil, so there
will be a greater current difference between the two excitation coils and then the induction coil will produce greater
magnetic flux changes and output a larger induced electromotive force. At the same time, the resonant induction
coil will magnify the weak induced electromotive force to a certain degree, and another important role is that filter
the noises mixed in the signal, that is very helpful to improve the sensitivity and detection ability about micro
particles of the sensor.

In order to demonstrate the mechanism of improving sensitivity using LC parallel resonance method, the
sensitivity analysis of the sensors with resonance method and non-resonance method were conducted. The
schematic diagram of the two sensors is shown in Fig.2, where L1 and L2 represent the two exciting coils, L3 is the
induction coil, rl1 12 and r3 are the internal resistance of coils. The Fig.2a is a circuit diagram without resonance
method that used in our prior work 211, and Fig.2b is circuit diagram using LC parallel resonance mechanism where
C1 C2 and C3 are the resonant capacitances for corresponding coils. In all circumstance, the exciting signal
adopted the unique sinusoidal current source (Io=50-3sin(2xnfot) A)) where fo is the resonance frequency.
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Figure 2 Circuit diagram of the sensor
When no particle enters into the sensor, the impedance of the unilateral exciting circuit is shown in equation

(6), where Lq =270.2uH | the internal resistance of exciting coil r1=r2=4Q. The excitation frequency fo was set to

284 kHz and 420 kHz respectively for wear particles of different materials. As all the excitation coils in sensor b
are working in the resonant state, so the resonant condition must be satisfied as equation (7).

Z,=joL, +r
. 1
, (jooL, +r)7ja)C (oL, +7) (6)
b= =
(oL, +r)+—— ! (jeoCCr)
jaC
1

e -

At this circumstance, the internal resistance of coils can be ignored and we can obtain that the impedance of
exciting circuit of sensor b is much larger than sensor a as equation (8) which also means that a slight change of the
coil inductance result from wear particles will result in a larger impedance change in the exciting circuit of sensor b

than sensor a and then produces a greater current change in the excitation coil.
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When no particles enter into the sensor, the current in the excitation coil of different sensors are given by
equation (9). From the equation, we note that the current in the coil of sensor b is closely related to the exciting
frequency. Fig.3 shows the current difference of exciting coil between the two sensors (resonance frequency f0 is
284kHz, capacitance C1=C2=2.0nF). We can find that when the exciting frequency is equal to the resonance
frequency, the current in exciting coil of sensor b can reach to 1.7A which is much larger than that of sensor a
(25mA). Because the magnetic flux can be expressed with ®=LI, so in the resonance state, there's more magnetic
flux in the sensor b which is beneficial to boost the magnetization or Eddy current effect of the wear particle and
enhance debris detectability.
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Fig.3 Current in the exciting coil at different frequency
When some debris access the sensor, the inductance disturbance of the coil will be generated, and for
ferromagnetic particles A L>0 because of magnetization while for non-ferromagnetic particles A L<0 because of
Eddy current effect. So the inductance of excitation coil alters to Li=Lq+A L. As a consequence, the impedance of
exciting circuit can be modified to be:
72, =7,+ANZ SjwL, +r

i Ly -2
wc C

2
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P+ (oL, -—)
wcC

(10)

In order to characterize the difference of sensitivity between the two types of sensor, we take ferromagnetic
wear debris as an example. The inductance change caused by ferromagnetic particle with radius ra is shown at
equation (11),where 1 is the length of the coil.

AL= (\/5* l)yoerzr;
2
! (11)

The inductance change of exciting coil caused by ferromagnetic particle of diameter range 0 to 700 pm and the

corresponding impedance change of the unilateral exciting circuit are shown as Fig4. In this analysis, we used
exciting frequency f0=100 kHz, resonance capacity C1=C2=10.35nF. It can be seen that the impedance change of
sensor b is more noticeable than just change in sensor a. For the sensor a, the impedance change due to a particle of
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700um in diameter is only 0.235 €, while for the sensor b, the change of impedance caused by a 528um in
diameter can reach to 3.99Q, Which reflect that the LC resonance mechanism can increase the sensor’s sensitivity
at some extent. And it is noteworthy that unlike the impedance linear increase with the coil inductance rise of
sensor a, the impedance alteration of sensor b takes on the non-linear characteristic and exhibits a peak value at rl
position. And after the rl, the impedance change decrease rapidly due to its severe impedance mismatch. That
means that for the sensor b the effective detection range must limited to [0, rl1] (r1=528um, A Z=3.99Q)). But in
order to further improve the detectability of small wear particles, some measures must be taken to decrease the
value of rl. It is calculated that the resonance capacitor will greatly affect the position of rl. Fig.5 shows the
impedance change curve of different capacitance of 10nF, 8nF, 6nF, 4nF, 2nF. It can be seen that the various
capacitance won’t change the maximum value of impedance change, but move the impedance change curve to left
which make the detection ability for micro-particle been dramatically improved. However, an excessively small
capacity will lead to higher excitation frequency that will enhance the eddy current effect of metal particles and
decrease the detectability about ferromagnetic particles, so in this sensor a capacitance of 2nF was chosen for
ferromagnetic particle detection, and the corresponding exciting frequency is fo=284kHz. At this situation, the
detection range was restricted to [0,300um] due to the nonlinear feature of the impedance change. The
ferromagnetic particle which radius is larger than r2 will be recognized as non-ferromagnetic particles due to the

negative impedance change result from serious mismatch.
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Fig.4 Alternation of inductance and impedance of the coil caused by wear particles
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Fig.5 The influence of resonance capacitance on the impedance change
Because of the impedance change of the exciting circuit in a sensor, the current in the exciting coil will be also
redistributed and produce current difference between the two excitation coils of the sensor as equation (12). Under
the circumstance, that resonance capacitor equals to 2nF and the current differentials on both exciting coils of the
two sensors are shown in the Fig.6. We also can obtain that the current difference of the two exciting coils in the
sensor b which adopted LC parallel resonance principle is much larger than that of sensor a. The induced
electromotive force output by the induction coil output can be expressed as equation (13), where A is a scattering
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coefficient which is related to the structure of the sensor. From the equation, we can know that a larger current
change will lead to the increase of induced electromotive force output by the induction coil caused by the same
particle and essentially improve the detection sensitivity of the sensor.

Al =17, —L L
Z,+A Z,

Al =1,%Z ! I
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Fig.6 The current difference between the two exciting coils of the two sensors
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In order to detect the weak signal precisely, the induction coil is also required working in the resonance state.
So a corresponding resonance capacity is also needed and the value of the capacity also meets the resonance
condition as equation (7). It is noteworthy that the resonance frequency should equal to the exciting frequency and
guarantee these three coils in the state of resonance simultaneously. That making the inductive coil working in
resonance state will bring two obvious advantages that filter noises of non-resonance frequency and magnify
induced electromotive force EO. The amplitude-frequency characteristics of the induction coil in the resonant state
is in equation (14), where «,(j®) is the amplitude ratio of a particular frequency component signal, Q is the quality
factor of inductive coil as equation (15), @, is the inherent angular frequency. For the induction coil L=427.2uH,
r=4.36Q, C=0.74nF for fy=284 kHz, Q=174.8. In the output signal, there must contains noise signal and the
effective induced electromotive force and generally, the noise signal has a wide spectrum while the valid signal is
contained in the sinusoidal signal which has the same frequency with the excitation signal. Based on the
amplitude-frequency characteristics, the amplitude ratio of the second harmonic signal is just 0.0038. So the noise
signal mixed in the induced electromotive force will be largely eliminated. Besides that the induction coil will
magnify the weak induced electromotive force and the magnification is Q, so the real output signal of the induction

coil is Eo=QEo. As a consequence, this ability of signal filtering and amplification is very useful for particle
detection.

 (joo) - 1
\/1+Q2(‘“_‘Zj)2 (14)
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For the detection of non-ferromagnetic particles, because the impact of eddy current effect on magnetic field is
excessively weak, so that is more difficult to detect. In order to further improve the detection ability for
non-ferromagnetic particles of the sensor, it is necessary to increase the excitation frequency to enhance the eddy
current effect inside the non-ferromagnetic particles. After several experiments, the exciting frequency for
non-ferromagnetic particles was set to 420 kHz, the corresponding resonant capacitor C1=C2= 0.9nF, C3=0.33nF,
Q=261. Therefore, a variable-frequency excitation system was designed for the sake of requirements for the

excitation frequency of particles of different materials.

2.3 Signal excitation and detection method

In this sensor, the exciting system and weak signal detection system are very important to the detection effect.
In the exciting system, a higher exciting frequency is helpful to improve the sensitivity, especially for detection of
non-ferromagnetic particles because of the more severe eddy current effect, while for ferromagnetic particles the
excessive eddy current will decrease the inductance alteration of the coil caused by particle magnetization. So in
this paper, a variable-frequency excitation system was designed which has two exciting frequency that 284kHz for
ferromagnetic particles and 420kHz for non-ferromagnetic particles. The weak signal processing system takes the
advantages of the valid signal characteristics that it has the same frequency and phase with the exciting signal. So
that doesn’t adopt any mathematical algorithm but a more simple and rapid method that the technology of lock-in
amplifier which was used to suppress noises and promote useful signals several magnitudes. The block diagram of
the signal exciting and detection system is shown at Fig.7 which can be divided into two parts that phase controlled
variable-frequency exciting system (PCVFES) and the modified lock-in amplifier (MLIA). In the whole system, the
square signal was used as the external exciting signal. Because of the frequency difference for ferromagnetic
particles detection (284 kHz) and non-ferromagnetic particles detection (420 kHz), a frequency synthesizer was
used to change the exciting frequency based on the signal phase. The output signal caused by ferromagnetic
particles and non-ferromagnetic particles has the opposite phase, so we used the comparator to transform the
sinusoidal wave to square signal and through the rising edge detection to judge whether the particle approaching to
the exciting coil is ferromagnetic or not (cause the magnetic field expose to the outside of sensor core, so when a
metal particle close to the exciting coil and not enter into it, a signal disturbance will start generating) and control
the frequency synthesizer output exciting signal of different frequency. The amplifier was used to magnify the
magnitude of the exciting signal to improve its drive power. In order to maintain the three coils are lying in the
resonance state, a capacitance matcher was used to change the resonance capacitance according to the real exciting
frequency. The weak signal detection system mainly adopted the modified Lock-in amplification system (MLIA)
which reference signal frequency is also controlled by the frequency synthesizer. In the MLIA two 8th-orders
Bessel-type low pass filter were adopted which cut-off frequency was set to 1.5 kHz due to the facts that the
amplitude of the signal is crucial important for the particle detection and the Bessel filter has the most flat
amplitude response and the maximum frequency of the valid signal is 1.37 kHz. After that, a Sth-order Butterworth
high pass filter was used with cutoff frequency 5Hz to filter out the initial induced electromotive force caused by
coil offset or magnetic field inhomogeneity. With this system, we can filter out the Gaussian noises and disturbance
signal caused by magnetic field inhomogeneity of the two exciting coils which are much larger than valid induced
electromotive force. This system can be fully implemented by hardware and avoid a lot of mathematical operations
on the computer which greatly reduce the complexity of the system and more satisfy with the real-time

requirements of equipment.
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Fig.7 The block diagram of the signal exciting and detection system
2.4 Application of the modified LIA on wear particles detection
It is shown from theoretical analysis that the magnitude of induced electromotive force output by inductive
coil is microvolt which has the same or smaller magnitude with the disturbance signal including interference signal
caused by magnetic inhomogeneity and the background noises. Under an ideal condition, the inductive coil
precisely lies in the middle of the structure, but because of some mismachining tolerance of coil substrate and the
enwinding error of coils, the position of inductive coil must deviates the middle surface of the sensor. As a
consequence, when no particles pass through sensor, the magnetic flow of the inductive coil is not equal to 0, so the
sinusoidal induced electromotive force generated at the initial stage which frequency is same with the exciting
signal and the intensity closely related to the magnetic field inhomogeneity and offset of induction coil. Assuming
the offset distance isA, the initial induction electromotive force is Eo=E(A)sin(wot). In this circumstance, the initial
induction electromotive force can be regarded as a carrier signal, and when a wear particle goes through the sensor,
a new pulse signal will be generated because of the alteration of the magnetic flow inside the coils. The signal is
E1=E(ra,v)*sin(2znfit) which amplitude is related to the radium of wear particles r, and the speed of passing the
sensor v, f is the frequency of particles passing through the sensor. In this sensor, the maximum quantity of flow
was limited at 35L/min, so the corresponding flow velocity is v=15.16m/s, and the frequency fi=v/l:=1.37kHz. This
signal will be amplitude modulated by the initial induction electromotive force Eo, so the real signal output by the
inductive coil is
Eou=(E(ra,v)*sin(2nfit+@2)+E(A))*sin(wot+@1)+N(t) (16)

Where N(t) is Gaussian noise. We take a ferromagnetic particle as an example to analyze the detection principle of
the valid signal using the MLIA, in which the real exciting frequency was set to fo. So the reference signal is
Asin(2nfot+@2). The estimation procedure of the signal E1 as follows:

At first, the real signal was multiplied by both the reference signal of Asin(2nfot+¢2) and a signal in quadrature
with respect to such a reference signal of Acos(2nfot+2). So the result after the MLIA’s multipliers is:
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i(0) = (E(r, ) *sin@7 f; + @) + E(8) *sinQ7fyt + ¢3) + N(O) Asin7 fyt + ¢,)

- g(Eo; V) SIS, + @) + E(A) * cos(g - ) - f(E(ra V) SIS, + ) + E(A) * cosQ* 2 fyt + 4, + )
+N(1)* Asin27 ft + @,)

9(0) = (B, v) *SinQaf; +,) + E(A) *sinQ7 fyt + ) + N(0) * AcosRrfit +,)

- f(E(ra V) *SInQ27f, + @)+ E(A) *sin(g; - ) + §<E<ra,v) #Sin2f, + @) + E(A) *sin2* 27 fyt + ¢, + @)
+N()* AcosLm fit + @,)

At this circumstance, the signal of the two channelsi(?) and ¢(¥) are made of three parts that are the amplitude

component, high frequency part (frequency =2fo) and the noise sector. After the LIA’s low pass filters, the high
frequency component and most of the noise signal can be removed through setting a suitable cut-of frequency for
the low pass filters. Because the maximum value of f1 is 1.37kHz, so all the signals that frequency greater than
1.37kHz can be seen as invalid signal, so the cut-of frequency was set to 1.5kHz, as a consequence, the following

signals are acquired:

i) = g(E(ra,v) *SInQ S, + ) + E(A) * cos(@, - ¢3)
(17)
4(0) = §<E<ra,v> *SinQrf, + @) + E(A) *sin(g - ¢,)

In order to obtain the amplitude of the valid signal caused by wear particles, the two signals above mentioned ()

and ¢(?) are calculated of their sum of squares and then extracted the square root. The estimation of the amplitude

of particular frequency (fo) component as follows:

SCA= i) + (0 = (B0 *sin(2f + ) + E(A) (18)

From the above equation, we can see that there are two components in the result that are sine wave element with a

frequency of fi which represents the amplitude of the valid signal and the DC component which reflect the
A
amplitude of the initial induction electromotive force. The 3 indicates the magnification for the weak signal, in

this system A equals to 5 that means the signal was amplified 2.5 times. At the same time, for the sake of the
elimination of the DC component and availability of the valid weak signal, a high pass filter was arranged which
cut-off frequency was set to SHz to guarantee the availability of the sinusoidal frequency component in the signal.
So the weak induction electromotive force can be obtained that:

B,y =5 (Bl *sin, +42) (19)

It is noteworthy that based on the characteristic of this system the fi should be greater than 5 Hz otherwise it
will also be eliminated, which means the minimum velocity of the wear particles through the sensor must larger

T .
than v= fi*1;=5*11e-3=5.5¢-2m/s, and the corresponding quantity of flow is Vzd > =0.127L/ min . Assuming the

speed of the particle movement is equal to the fluid velocity, the acceptable flow of the sensor ranges from
0.127L/min to 35L/min.

In order to validate the detectability of the weak induced electromotive force using the proposed method,
signals simulated in MATLAB, the initial induction electromotive force was set to Eo=5e-4sin(wot), and we take a

d0i:10.20944/preprints201707.0092.v1
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more faint signal E, =5e-5*sin(27 f, + ,) to represent the valid induced electromotive force induced by wear

particles. At the same time a Gaussian noise was also added to the signal which variance is 1e-8. So the simulation

signal is based on the following equation:
E  =(5e-5*sin(2zf, + @) +5e—4)sin(2 f, + @) + N(t) (20)

Where foand f; were set to 284 kHz and 1.37 kHz respectively. From the above equation we can obtain that the
amplitude of the valid induced electromotive force would be at least an order of magnitude lower than that of initial
induced electromotive force caused by coil offset and the Gaussian noise. So it is easily disturbed by these invalid
signals.

According to the above simulation parameters we can obtain that the main components in the real signal are
the Gaussian noises and initial induced electromotive force, while the amplitude of the induced electromotive force
caused by wear particles is really smaller than others. Fig.8a shows the waveform of the original signal, so it is very
hard to directly recognize the valid signal. While after the MLIA system the valid signal hidden in the interference

signals was successfully extracted as Fig.8b.
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Fig.8 Simulation signal (a) the real signal and (b) the result of the detection
3. Experiment results and discussions

3.1 Experiment system
The complete experimental system is shown in the Fig.9a which consist the sensor shown in Fig.9b, the

Excitation and detection unit, the Data collecting and processing software written in C++ language. The specially
sized abrasive particles are fed into the sensor in batches to certify the sensitivity and the detection ability of micro
wear particles. In the experiment, iron particles and copper particles of different particle sizes are used. Since the
effect of the same volume of iron particles on the magnetic field is much greater than that of the copper particles on
the magnetic field, so the diameters of the selected iron particles are 75 pm, 100 pm, 120 pm, 150 pm, and for
copper particles are 220 pm, 280 pm and 380 um. Some sphere-like wear particles that meet the above diameter
requirements were selected by the scanning electron microscope. The selected abrasive particles are shown in the
Fig.10.Before the experiment, the responses of the sensor were compared between situations of wear particles in
the oil and oil-free environment, and the results difference in both cases is tiny, so all the test were conducted in the

absence of fluid to measure the output response of the sensor.
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Data collecting and processing software
Excitation and detection unit
\

(b)
Fig.10 Wear particles (a) Iron particles and (b) Copper particles

3.2 Effectiveness of the MLIA system

The effectiveness of modified LIA system was also verified by real output signal of the sensor. Experiment
was carried out using a 100 pum iron particle as the detection object and compared the original signal of the
induction coil and the detection result after the MLIA system. By measuring the initial induced electromotive force
output due to the magnetic field imbalance of the two exciting coils is E(A)=3.2e-3sin(2nfot),when the iron particle
access to the sensor, the real signal comes from induction coil is shown at Fig.11a.It is obvious that the majority of
the signal is the noises and initial inductive electromotive force, it is So difficult to directly observe the valid signal
caused by the iron particle. After the MLIA system, the disturbance signals are all filtered and valid signal is
successfully extracted as Fig.11b.
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Fig. 11 Effect of the MLIA system
3.3 Sensitivity comparison for ferromagnetic particles detection
From the Figs. 4,5 the decrease of resonance capacitance does enhance the impedance change of exciting
circuit caused by micro particles and further increase the current difference between two exciting coils and
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eventually improve the sensitivity of the sensor. In the experiment, a series of 2-10nF capacitors were used to verify
the sensitivity changes of the sensor as Fig.12. We can easily obtain that as the excitation capacitance decreases, the
sensor sensitivity increases gradually. In the circumstance of resonance capacitance equals to 2nF, the
corresponding resonance frequency is 284 kHz; the resonance capacitance for inductance coil is 5.45nF. In this case
the signal amplitude caused by an iron particle of diameter 75um is 7.9mV which is much greater than the voltage
value (3.2mV) of the circumstance C1=C2=10nF, and the increasing trend tends to be more evident for larger
particles. But simply reducing the resonance capacitance will lead to the decrease of sensitivity for ferromagnetic
debris due to the increase of eddy current effect in the particle, so the final resonant capacitor of exciting coil was

selected as 2nF for ferromagnetic particles detection.

1801 qonF
S 150+ o 8nF /
% 1204 +—6nF / .
S 9 v 4nF
= +—2nF
E 60+
<

30+

0_

80 120 160 200 240
Particle Size(um)
Fig.12 sensitivity comparison
In order to further describe the role of resonance principle on sensitivity improvement, the sensors with LC
resonance method (see figure 2(b)) and non-resonance method (see figure 2(a)) were tested. Figure 13 shows the
output signal of the sensors when the four different sizes of iron particles pass through it. In the figure, the red
curve illustrates the voltage change output by sensor (a) with non-resonance method and the black curve represents
the output of the sensor (b) with resonance principle. It can be seen that the difference of output signal between the
two sensors is very significant. For the conventional sensor, it hard to successfully detect iron particles with
diameter less than 100pum, meanwhile, the induced electromotive force caused by an iron particle 100um in
diameter is just 2.25mV. However for the sensor with resonance principle, it can easily detect the iron particles with
a diameter of 75um and the amplitude of signal can reach to 7.9mV. The comparison about the sensitivity of the
two sensors is shown in Fig.15. The results clearly show that the sensitivity of the sensor with LC resonance
method is more than three times than the sensor with non-resonance method. Meanwhile the detection capability

for micro particles of the sensor has been improved due to the increase of the sensitivity.
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Fig.13 The induced electromotive force caused by iron particles
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Fig.14 The comparison of sensitivity for iron particle detection
3.4 Sensitivity comparison for non-ferromagnetic particles detection
For the detection of the non-ferromagnetic particles, the principle is mainly based on eddy current effect which
is closely related to the exciting frequency. Therefore in the detection process of non-ferromagnetic debris,
increasing the excitation frequency will both enhance the eddy current effect in the particle and improve the
sensitivity of the sensor. But nevertheless the influence of the same volume of non-ferromagnetic particles on the
magnetic field is still much smaller than that of ferromagnetic particles. So in the experiment, the copper particles
with diameter of 220pm, 280um and 380um were adopted. In order to improve the detection ability for
non-ferromagnetic particles, the exciting frequency was further increased to420kHz. It is worth stressing that the
exciting frequency is automatic switched between 284 kHz and 420 kHz based on the phase of induced
electromotive force by the PCVFES and the resonant capacitor is also automatically adjusted by the capacitance
matcher. Through the experiment we found that it is difficult to effectively detect the above copper debris in the
circumstance of exciting frequency smaller than 300 kHz. Fig.15 illustrates the output signal of the sensor with LC
resonance method for copper particles detection at the situation of exciting frequency was set to 315 kHz (1.6nF)
and 420 kHz (0.9nF). It shows that the sensitivity of the sensor has been improved with the increase of exciting

frequency.
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Fig.15 Parameters of the sensor
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The experiment also verified the sensitivity difference of the two types of sensors for non-ferromagnetic
particles detection at the circumstance of exciting frequency equals to 420 kHz. Figure 16 shows the output signal
of the sensors when the three different sizes of copper particles enter into it. It can be seen that the conventional
sensor completely failed in the detection process of 220um copper particles. And for the larger particles, the
induced electromotive force is also very weak; the amplitude of signal caused by the copper particle 380um in
diameter is just 2.1mV. In comparison, the detection ability of the sensor with resonance method is greatly
improved; the peak of the signal caused by the three copper particles is about 3.2mV, 5.8mV and 12.3mV. The
comparison about the sensitivity of the two sensors for copper particle detection is shown in Fig.17. The result
shows that introducing the resonance method into the sensor and further increasing the exciting frequency to 420

kHz will enhance the sensitivity of the sensor more than 4times as original for the non-ferromagnetic particles

detection.
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Fig.17 The comparison of sensitivity for copper particle detection
Conclusion

In order to meet the requirements of on-line wear status monitoring of heavy vehicles we studied the sensitivity
enhancement method and the extraction method for weak induced electromotive force of the inductive wear
monitoring sensor with large aperture (7mm). We introduced the LC resonance principle into the three-coil
inductive wear monitoring sensor and make all the coils working in the resonance status simultaneous. At this
circumstance, the impedance change of exciting circuit is much larger than the exciting coil impedance change
when wear particles pass through the sensor which will magnify the current difference between the both sides of
exciting coils and cause a greater magnetic flux change in the induction coil and finally lead to the sensitivity
improvement of sensor. At the same time, by reducing the resonance capacitance and increasing the exciting
frequency to further improve the sensitivity and the detection ability for Micro particles, but the excessive exciting
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frequency will weaken the detection performance for ferromagnetic particles while boost the detection performance
for non-ferromagnetic particles, So the PCVFES was designed to automatically switch the exciting frequency
between 284KHz and 420KHz for ferromagnetic and non-ferromagnetic particles respectively. The resonant
induction coil has a higher capability of noise reduction and signal magnification which will further improve the
sensitivity of the sensor. About the signal detection method, unlike other researcher using mathematical algorithm
for example EMD and Wavelet Transform to extract the signal characteristics, however, a simpler and more
effective method that the modified lock-in amplifier was adopted based on the essential nature of the signal that
composed of Gaussian noise, initial induced electromotive force caused by magnetic inhomogeneity and the weak
signal result from wear particles. The MLIA system can be implemented entirely through hardware which greatly
reduce the amount of calculation of the system and improve the real-time performance of the sensor. Through the
LC resonance method, variable excitation frequency system and weak signal detection system, the sensor can
eventually achieve the effective detection for the 75 um ferromagnetic particles and 220 pm non-ferromagnetic
particles which meets the needs of on-line wear status monitoring of vehicles and other engineers with large flow,
and can effectively monitor the abnormal wear of the mechanical system at the initial stage.
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