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

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

1. Introduction

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

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

Since the induction method has many advantages, extensive research has been con-
ducted in this field. The structure of induction method-based sensors mainly includes so-
lenoid coils and planar coils. Although the planar coil has the high detection sensitivity,
it is not suitable for engineering applications due to its small size. For example, the planar
coil sensor designed in [21] was capable of detecting 50um ferrous debris particles and
105um non-ferrous debris particles for a 1.2mm inner diameter of the oil tube. Due to its
wider detection range and larger size, the solenoid coil structure has wider engineering
applications. Using such structure, a three-dimensional solenoid sensor (the MetalSCAN
from GasTOPS), was used to effectively detect the ferrous metal debris with a size of 100
pum and nonferrous metal debris with a size of 405 um in a pipe with an inner diameter of
9.525 mm [22]. Talebi et al. [23] designed a sensor capable of effectively detecting 125 um
ferrous debris in pipes with an internal diameter of 4 mm and measuring the concentra-
tion of metal debris in the oil. Also, results obtained by the solenoid coil sensor [24] indi-
cated that its sensitivity to ferrous and non-ferrous metal debris in the inner diameter of
the pipe, which was approximate 43 mm, could be achieved with values of 70 um (diam-
eter) and 165 um, respectively. Liu et al. [25] investigated the relationship between the
excitation frequency of the microinductor sensors and the rate of change of the sensor
inductance. The sensitivity of ferrous metal debris decreased with the increasing
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excitation frequency, while the sensitivity of non-ferrous metal debris increased with the 99
excitation frequency. 100
To provide a theoretical basis for improving the detection sensitivity of inductive 101
debris sensors and selecting a suitable excitation frequency for the detection of different 102
metal particles, a novel inductive debris sensor design is proposed in this paper. Based on 103
Kirchhoff’s principle, the equivalent circuit model of this sensor is established. Following 104
that, the equation for bridging the induced voltage and excitation frequencies is derived 105
to discover the most suitable excitation frequency of the inductive debris sensor for the 106
detection with a high level of accuracy and sensitivity. Using COMSOL, a simulation 107
model of the sensor magnetic field is also developed to analyze the influence of excitation 108
frequencies and metal debris material on the magnetic flux density. Finally, to demon- 109
strate the correctness of the developed theoretical model, the inductive debris sensor is 110
fabricated and assessed for the detections of ferrous or non-ferrous metal particles by 111

comparing the analytical results. 112
2. The inductive debris sensor 113
2.1. Working principle of the proposed inductive sensor 114

The proposed inductive sensor’s operating principle [26] is briefly described in Fig- 115
ure 1. An AC signal is passed through the excitation coil, two cases can be defined as 116
follows: When no metal particles enter the sensor, the resulting magnetic field is shown 117
in Figure 1(a). If the sensor detects ferrous metal debris, there are two factors influencing 118
the original magnetic field, including the magnetic flux and the eddy current shown in 119
Figure 1(b). First, the magnetic flux increases due to the higher permeability of the ferrous 120
metal debris. Second, a magnetic field whose direction is opposite to the original magnetic = 121
field will be generated by the eddy current inside the ferrous metal debris, leading to the 122
decrease of the total magnetic flux. Due to the smaller eddy current, the increase of the 123
magnetic flux dominates in the frequency range of low frequencies. Therefore, a positive 124
voltage pulse will be generated when the ferrous metal debris flows through the sensor. 125
On the contrary, the magnetic flux of the larger eddy current decreases at the high fre- 126
quencies. Thus, a negative voltage pulse will be generated when ferrous debris flows 127
through the sensor. When non-ferrous metal debris enter the sensor, it is mainly the eddy 128
currents influencing the original magnetic field. as shown in Figure 1(c). 129

2N\ |

)

\

(a) (b) (c)

Figure 1. Distribution of magnetic field in the designed sensor, (a) no metal debris passes through; 130
(b) when ferrous metal debris enters the sensor; (c) when non-ferrous metal debris enters the sensor. 131

2.2. Sensor model simplification 132

The equivalent circuit of the proposed sensor device is shown in Figure 2(a). The 133
resistances and inductances of the excitation and sensing coils are R, and L,, and R 134

and L,, respectively. The AC voltage U is loaded on the excitation coil and the current 135
is denoted as ;. In the inspection process, the voltage output from the sensing coil is 136
expressed as # if no metal debris pass through the sensor. Thus, the output voltage #, 137
can be formulated as: 138
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i =—joM,lI, (1a)

o=2rf (1b)

where o is the angular frequency of the excitation signal; f* is the frequency of the ex-
citation signal; M, is the mutual inductance coefficient between the excitation coil and
the sensing coil.

The equivalent circuit of the sensor coil for detecting ferrous metal debris is shown in
Figure 2(b). When the voltage U applied to the excitation coil is constant, the inductance
L, and resistance R, of the excitation coil are constant. Thus, the current /, flowing
through the excitation coil is also constant. Therefore, the eddy current in ferrous metal
debris is considered a short-circuited coil. The resistance of the short-circuited coil is de-
noted as R, with the inductance I, and the eddy current /. The mutual inductance co-
efficient between the excitation coil and ferrous metal debris is expressed as M, and the
mutual inductance coefficient between ferrous metal debris and the sensing coil is repre-
sented as M, .

R —

(b)

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

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

. Ap
u=— 2
Ar )

As the ferrous metal debris pass through the inductive sensor, the voltage generated

by the change in magnetic permeability is defined by Eq. (3)
. A@,
Uy = Ttl 3)

Where Ag, is the change in magnetic flux caused by the change in permeability

when the ferrous metal debris pass through the inductive sensor.
According to the equivalent circuit shown in Figure 2(b) and the Kirchhoff's law, one
has:

{Roio + joLy, - joM,i, =U @

—joM I, +R 1+ joLl, =0

where w=27zf and f isthe frequency of the excitation signal.
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The eddy current in the ferrous metal debris can be determined by Eq. (4) and one
has:

" (R +joLy)(R + joL)+ @’ M

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

Uy = _ja)MZjl (6)

Substituting Eq. (6) into Eq. (5), one has:

o= U-MM, _ U-MM,

2> RR L+RL R,R RL +RL
021+ja)R0 1 2 : O_LoLl z? 12 jo ’ 12 120_L0L1 @
0] 10} 4z - f 4z f

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

Aty =ty —thy = by, 1y, (8)

Substituting Eq. (3) and Eq. (7) into Eq. (8), one has:

A= Ag U-MM,
At RR . RL+RL,
472_2 . f2 j 472_2 . f2
When the sensor detects ferrous metal particles, it is worth noting that in Eq. (9) the
output voltage of the sensor at the low excitation frequency is positive. As the excitation
frequency increases, the output voltage of the sensor decreases until the sensor outputs a
negative voltage.

Also in the case that the magnetic permeability of the non-ferrous metal particles is
close to that of air, the voltage generated by the change in magnetic permeability due to

non-ferrous metal particles passing through the inductive sensor, can be formulated as:

. A@.
Uy = th ~0 (10)

Furthermore, the eddy currents in non-ferrous metal particles are considered an
equivalent value in the state of short-circuit coils. Here, the resistance of the short-circuit
coil is defined as R, with the inductance of L, and the eddy current of 7,. The mutual

LL )

inductance coefficient between the excitation coil and the non-ferrous metal particles is
expressed as M, . According to the equivalent circuit in Fig 2(c) and the Kirchhoff's law,

one has:

f+ja)Li—ja)Mi =U
{ROO 070 372 (11)

—joM I, + R, + joL,, =0

Solving Eq.11, the eddy current in the non-ferrous metal debris can be formulated as:

i U-joM, 12
> (R, + joL,)(R, + joL,)+ o’ M}

And the induced voltage that is produced by the interaction between the eddy cur-
rent and the induction coil id defined as:

iy, = —joM, I, (13)

where M, represents the mutual inductance coefficient between the non-ferrous metal

particles and the sensing coil.
Substituting Eq. (12) into Eq. (13), one has:
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i U-M,M,
2
R;)Rz ; +jw R0L32+R22L0 —L0L3 (14)
4z° - f 4z - f
Similarly, the output voltage can be formulated as: 193
Aty =1y =ty =1ty — iy (15)
Substituting Eq. (10) into Eq. (15), one has: 194
J- MM
A=~ v-MM,
R0R2 . R0L3 + RzLo —L0L3 (16)

®
472_2 ’f2 ] 472_2 'f2
Using Eq (16), the output of sensor is a negative voltage when the sensor detects non- 195

ferrous metal particles. As the excitation frequency increases, the amplitude of the output 196
voltage increases. 197

3. Simulation analysis of the sensor magnetic field 198

8]

199

Figure 3. Simplified model of the coil. 200

According to the detection principle of the proposed sensor, the output signal of the 201
induction coil is generated by the perturbation of the magnetic field as the metal debris 202
passes through the sensor. Therefore, it is necessary to analyze the influence of the metal 203
debris on the perturbation of the original magnetic field. As shown in Figure 3, a numer- 204
ical simulation model is established and the coordinate is defined as follows: The center 205
of the coil is the origin; the axial and radial directions of the coil are the z-axis and x-axis, 206
respectively. And the metal debris is located at the center of the coil. Numerical simula- 207
tions are carried out using COMSOL to analyze the perturbation of the magnetic field at 208
different frequencies as the metal debris passes through the sensor. The model parameters 209
are shown in Table 1 and the typical ferrous and non-ferrous metal debris, and their main 210

electromagnetic parameters are provided in Table 2. 211
Table 1. Numerical simulation modeling parameters 212
Coil parameters Value Unit
Internal diameter of induction coil 10 mm
External diameter of induction coil 10.8 mm
Wire diameter of induction coil 0.1 mm
Number of turns of induction coil 400 /
Internal diameter of excitation coil 10.8 mm
External diameter of excitation coil 13.2 mm
Wire diameter of excitation coil 0.2 mm
Number of turns of excitation coil 300 /
Coil width 10 mm

Excitation signal amplitude 10 * sin(2mft) \4
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Table 2. Electromagnetic parameters of metal debris 213
Metal debris properties Materials Relative permeability
ferrous metal debris Iron 4000
non-ferrous metal debris Copper 1
3.1. The influence of ferrous metal debris on the magnetic flux density 214

Numerical simulations of 200 um diameter iron particles shown in Figure 4 are con- 215
ducted to demonstrate effects of ferrous debris on the distribution of the magnetic flux 216
density along the z-axis over different frequencies at time t0=T/2(T is the period of the 217
excitation signal). It can be observed that the magnitude of the magnetic flux density in- 218
side the iron particles is smaller than that of the background flux density due to the eddy 219
current effect of metal debris. As iron particles have the property of a larger relative mag- 220
netic permeability, the magnetic flux density increases rapidly when approaching the sur- 221
face of iron particles. Furthermore, the eddy current among the iron particles increases 222
with the frequency, while the magnetic flux density near the surface of the iron particles 223

decreases, leading to the weak influence of iron particles on the original magnetic field. 224
T T T
L ——50kHz |
sésw” 0000000000000 e 100kHz
~ 200kHz
g 5r 250kHz |
z -~ 320kHz
12}
4 |
5 3.12mT
30T
5
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1E 04mT S 3
O 1 L - 7“’I
-5.0 25 0.0 2.5 5.0
Dacitinnimm) 225
Figure 4. Distribution of the magnetic flux density along z-axis under the excitation of different 226
frequencies. 227
3.2. The influence of non-ferrous metal debris on the magnetic flux density 228

To investigate the influence of non-ferrous metal debris on the magnetic flux density, 229
the 800 pm copper particles as non-ferrous metal debris are numerically simulated in Fig- 230
ure 5 to illustrate the distribution of magnetic flux density along the z-axis at different 231
frequencies at time t0=T/2. Similarly, the flux density measured inside the copper particles 232
is smaller than the background flux density due to the eddy current effect. As the fre- 233
quency increases, the magnitude of the eddy current measured inside the copper particles 234
increases and the magnetic flux density inside the copper particles decreases. Therefore, 235
the effect of copper particles on the original magnetic field is increased. 236
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Figure 5. Distribution of the magnetic flux density along z-axis for non-ferrous metal debris. 238
4. Experimental results and discussion 239
4.1. Experimental setup 240

The experimental sensor is designed with two excitation coils (E1 and E2) and two 241
induction coils (51 and S2), which is shown in Figure 6. In the experiment, the detected 242
metal debris particles signal is a complete sinusoidal function. First, the sensing coil is 243
fabricated by winding 0.1 mm diameter enameled wire on a skeleton with an inner diam- 244
eter of 8 mm and a thickness of 1 mm, with a total of 400 turns. Similarly, the excitation 245
coil is produced using 0.2 mm diameter enameled wire around the outside of the sensing 246
coil (300 turns), and the skeleton is made of the epoxy resin material. As the magnetic 247
permeability of the epoxy resin is close to that of air, the epoxy resin has little effect on the 248
magnetic field. To facilitate the control of the frequency of the excitation signal, the signal 249
collected by the sensor is processed by a differential amplifier circuit shown in Figure 7 250
and the output is displayed on a computer. 251

Sl

E2
252
Figure 6. The sensor structure model: E1 and E2 are excitation coils; S1 and S2 are sensing coils. 253
El S1
1| »|+
| L =Cs R
Cer g Ss2
A 1n
> Low-Pass Out >
filtering
Mve PSD
= 254

Figure 7. The sensor signal processing process. 255
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Nylon rope

demodulation
Sensors © = circuit

(a) (b)

Figure 8. (a)Schematic diagram of the whole inspection system; (b)The experimental test platform. 256

In order to simulate the passage of metal particles in the lubricant through the sensor 257
, the metal particles are fixed on a nylon rope conveying through the sensor shown in 258
Figure 8a. The nylon rope is then supported by three pulleys, one of which is drivenby a 259
motor that controls the speed of the metal particles passing through the sensor. It is noted 260
that the magnetic permeability of the nylon rope is close to that of air and its effect on the 261
magnetic field can be ignored. The entire experimental platform is shown in Figure 8(b). 262

4.2. Experimental results of ferrous metal particles 263

The 245 pm and 480 um iron particles are chosen as ferrous metal debris in the ex- 264
periments and their microphotograph are shown in Figure 9. The iron particle passes 265
through the sensor at a speed of 0.4 m/s. A sinusoidal AC signal with a amplitude of £10 266
V is generated and its excitation frequency ranges from 50 kHz to 370 kHz. The output 267
voltage waveform of 480 um iron particles at different excitation frequencies is shownin 268
Figure 10. It can be seen that the output voltage is positive at lower excitation frequencies 269
and negative at higher excitation frequencies. Figure 11 shows the relationship between 270
output voltages and excitation frequencies. Experimental results show that at lower exci- 271
tation frequencies the increase of the flux dominates, and the output voltage amplitude is 272
positive. Also, the eddy current increases with the excitation frequency, while the output 273
voltage amplitude gets smaller when the frequency increases. When the excitation fre- 274
quency is greater than 300 kHz, the eddy currents continue to increase. Therefore, the 275
eddy currents in the metal particles play a dominant role, leading to a reverse increase of 276
the output voltage amplitude. 277

@) (b)
Figure 9. The microphotograph of iron particles. (a)245um; (b)480um. 278
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Figure 11. The output voltage waveform of 480
pm iron particles at different excitation fre-
quencies. (a)80kHz; (b)160kHz; (c)310kHz;

80

(d)360kHz.

Voltage (mV)

-80
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50
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Figure 11. The relationship between output voltage and excitation frequency of ferrous metal parti-
cles. (a)245um; (b)480um.

4.3. Experimental results of non-ferrous metal particles

In this section, the 800 pum copper particles are chosen as non-ferrous metal particles
for the experiments. The microphotograph of copper particles is shown in Figure 12. The
parameters used for the input signals are the same as in Section 4.2, but an excitation fre-
quency in the range of 50 kHz to 250 kHz is used. The output voltage waveform of copper
particles at different excitation frequencies is shown in Figure 13. It can be seen that the
output voltage of copper particles at different excitation frequencies is negative. The rela-
tionship between output voltages and frequencies is demonstrated in Figure 14. Experi-
mental results show that when the excitation frequency is higher than 50 kHz, the output
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Voltage(mV)

Voltage(mV)

-25

voltage amplitude increases with the increase of the frequency. As the eddy current plays
a dominant effect on the magnetic flux density, both the non-ferrous metal eddy current
and the output voltage are increased. This observation is generally consistent with the
results by the theoretical model.

Figure 12. The microphotograph of 800 pm copper particles.

T T 75 T T T

1 L 75 L L L

2 3 4 0 1 2 3 4
Time(s) Time(s)

(a) (b)

Figure 13. The output voltage waveform of copper particles at different excitation frequencies.
(a)80kHz; (b)160kHz.

0 T T T T T T

30+ i

.60 | i

Voltage (mV)

290 F i

_120 L— . . . L L .
60 90 120 150 180 210 240

Frequency(kHz)

Figure 14. The relationship between output voltage and excitation frequency of non-ferrous metal
particles.

5. Conclusions

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