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Abstract 
Predictive maintenance strategy of mechanical system usually uses the methods of vibration monitoring and 
temperature monitoring which have limitations, especially for failure process of key rotating parts like bearing. 
Based on electromagnetic induction principle, the real-time wearing status of key parts can be got by monitoring 
the metal debris in the oil of mechanical system. This can make early warning for serious system breakdown and 
avoid disastrous accidents. The real-time monitoring and diagnosis of the operation status of the aircraft engine is 
realized by on-line monitoring the vibration and oil debris with electromagnetic method. The monitoring system 
uses the serial port and Ethernet communication interface, can combine the mobile internet to realize the add-on 
application of online “cloud” monitoring according the needs of the monitoring mechanical system, and to 
guarantee the long-time safe running of the monitored system. 
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1. Introduction 
Aircraft engines operate under high pressure, high temperature and high load. The operating 
state of aircraft engine is directly related to the safety and reliability of aircrafts. The detection 
of problem at early stage or potential risk with various monitoring methods has significant effect 
to lowering the potential damage and risk of accidents. Monitoring and evaluation of operating 
turbines relies on the aero thermodynamic and vibration data. The conventional real-time 
monitoring of vibration and temperature could not pick up the wearing or failure of mechanical 
system at early stage because of technical constraints. The method of periodical analysis of 
sampled oil is non-continuous which leads to the underreporting of hazard failure such as 
fatigue. 
With the technical advancement of transducers and information technology, a breakthrough has 
been made in on-line monitoring of metal debris in oil. The typical technologies include 
transducers based on electromagnetic induction, electrostatic, image identification, XRF and so 
on, some of which have already been applied. In this article, an online electromagnetic testing 
technique utilizing vibration and metal debris is proposed. The "cloud" monitoring prospect, 
which combines the monitoring system and the mobile Internet, has very important significance 
for the monitoring and fault prediction of the bearing, gear and other parts of the aircraft, ship, 
automobile and so on. 
 
2. Online Monitoring of Aircraft Engine 
2.1 Principle of Online Monitoring of Vibration 

Currently, most research on the monitoring of engine rotor is measuring the vibration of the 
motion parts, or the artificial excitation vibration. The collected signal is then analyzed and 
processed, and its characteristic parameters are compared with the standard parameters obtained 
by statistical, pre-measurement or calculated . and the fault of the parts is judged according to 
the parameter relation. 
When monitoring aircraft engine, the vibration of tip is measured and its amplitude is evaluated 
to determine whether the engine could work for the long term. If  the vibration of tip from the 
engine is verified to be of serious problem during static mode testing, a online vibration 

M
or

e 
in

fo
 a

bo
ut

 th
is

 a
rt

ic
le

: 
ht

tp
://

w
w

w
.n

dt
.n

et
/?

id
=

21
98

7



 

2 
 

The 9th International Symposium on NDT in Aerospace 

8-10 November, 2017, Xiamen, China 

monitoring system should be installed in order to avoid accident during operation. The online 
monitoring system could monitor the amplitude of tip vibration during operation and determine 
whether it is needs be shutdown according its change trend. This provides early warning for the 
potential accidents. 

2.2 Principle of Online Monitoring of Metal Debris in Oil 

The sensor system is based on electromagnetic induction principle, as Shown in Fig. 1. 

 
Fig. 1 Schematic diagram 

The sensor uses inverse double excitation mode, including two excitation coil and one receiving 
coil. Two excitation coil are separated by equal distance on either side of the induced coil and 
are inversely parallel connected. It is excited by sine wave AC. When no particle is passed, 
electromagnetic fields of two excitation coil are equal and opposite at the induced coil. The 
summed electromagnetic field is zero, thus output is zero. When metal particle is present in one 
excitation coil, magnetization of ferromagnetic particle or induced eletromotive force by non-
ferromagnetic particle. This leads to change of magnetic flux at induced coil, ΔΨ.  Periodic 
change of ΔΨ leads to induced electromotive force in the coil, which is the output signal.  

 
d

d
E

t

   ′1″ 

The frequency of ΔΨ is the same as the excitation frequency. It is a sine wave whose phase is 
different from the excitation(depending on particle size, shape, material, position, etc.). Thus, 
when the excitation frequency is fixed:  

 max maxE    ′2″ 
Because of the coil layout, when the particle passes through the two excitation coil, the induced 
electromotive force is of the same magnitude with the opposite direction. When ferromagnetic 
and non-ferromagnetic particle passes through the sensor, the phase is significantly different. 
This is used to judge whether the particle is ferromagnetic or non-ferromagnetic. The magnitude 
of the signal could be used to estimate the size of the particle. The larger the magnitude, the 
larger the size is, vice versa.  
The relationship between the amplitude of signal and the particle size is determined by the 
principle analysis and calculation.  
For sphere ferromagnetic particle: 
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Thus, when the excitation field is fixed, the amplitude of signal is proportional to the volume 
of particle size. 
For sphere non-ferromagnetic particle: 

 5
cr   ′4″ 

Thus, when the excitation field is fixed, the amplitude of signal is proportional to the diameter 
of particle size to the power of five. 
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3. Development of the System 
3.1 Composition of the System 

The system is jointly controlled by DSP and FPGA. On the one hand, DSP supports fast and 
complex calculation, on the other hand, FPGA supports address interpretation and logic control, 
which is highly integrated, reliable and expandable. General design is shown is Fig. 2. DSP is 
in charge of alarm system, digital acquisition system and other communication and signal 
processing. Via LAN it could be connected to computer to process or input data, or set 
parameters. 
The Digital Acquisition System(DAS) is composed of the sensors and FPGA. The sensor passes 
electrical signal to DAS whose core is FPGA for pre-treatment. It is then transmitted to DSP to 
further process. The alarm system is independent, and produces the different output based on 
the different input. The other control system could be connected  via the RS 485 universal 
serial bus, receiving or producing necessary control information. The system has two modes, 
i.e. demonstration mode and online mode. Under the demonstration mode, the system is 
connected to a computer, the raw data and processed data are demonstrated. In the online mode, 
the system operates independently, stores data, analyzes, and outputs data to alarm system. If 
needed, these data could be output via serial port or internet module for further analysis and 
processing. 

 
Fig. 2 Diagram of System 

3.2 Vibration Online monitoring sensor 

The standard set for the vibration sensors is 12, 6 at the blade tip and 6 at the free end. At each 
end, the sensors are separated by 120 degree and deployed at radial and tangent direction 
respectively. The piezoelectric transducer and optical fiber sensor could be deployed 
individually or together. The fiber-optic cable transform optical signal to electrical signal via a 
special air tight plug. Except the electrical output device, all the optical fiber are deployed at 
protected area inside the engine to avoid spoil. The optical fiber sensors are deployed at the 
radial direction. When a period of constant vibration is experienced, the amplitude is suddenly 
increased and maintained at a high level, the data analysis should be carried combining with 
the previous operation experience  to infer the problem, arrange repair  equipment, and the 
vibration will drop to the expected level. 

3.3 Oil Monitoring Sensor 

The sealing of sensor is very important for the sensor has a poor operating environment with 
high temperature and corrosion. At the same, the sensor must have the higher anti-interference 
for the transmission of analog signal in external cable . The sensor prototype is shown in Fig. 
3. 
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Fig. 3 Sensor 

In the sensor design,  there are the following three aspects of optimization: 
1) The imported rubber is used for O-ring at the coil connection part, which has an good sealing, 
durability and compact structure and can run in the temperature range of -100 to 260℃, the 
sealing pressure is up to 100 MPa. 
2) The communication port uses MIL-DTL-38999K standard connector and has the properties 
of fast connection with three screw thread, anti-loosening mechanism, electromagnetic 
insulation, small size, light weight. anti-oblique insertion pin and so on. In addition, its 
aluminum alloy case with multiple layer of coating is fire proof, which could stands violent 
vibration under high temperature, sand storm and humid environment.  
3) Double layer shielded cable is used for the communication of sensor. The shield is double 
layer of woven silver mesh ant the cord is steel wire wrapped with copper coated with silver 
which provides very good shielding and weak attenuation. 

3.4 Design of the Hardware 

The hardware consists of two main parts. One is the main control board based on DSP. This 
part is mainly digital circuit, providing hardware port like WLAN, internal memory port, 
standard serial port and SDRAM, which are responsible for the management of signal 
acquisition, processing and communication. The other part is signal generation and acquisition 
circuit based of FPGA.The FPGA control module generates certain type of AC signal, which 
transforms when interacting with metal debris. Modified signal is picked up by sensor and 
performed pre-treatment such as amplification, rotation and so on. After further processing, the 
signal will be passed to the DSP. The hardware circuit of the system is shown in Fig. 4. 

 
Fig. 4 Diagram of Hardware 



 

5 
 

The 9th International Symposium on NDT in Aerospace 

8-10 November, 2017, Xiamen, China 

To ensure the circuit board could stand harsh electromagnetic environment and does not 
interfere with other electronic devices, the design of EMS and ESD play an important role in 
design of PCB. The components of the circuit is mainly of military grade to avoid instability 
and ensure reliability. Several aspects are emphasized during the design. 
1) Design of power line and ground: The wire diameter should be as great as possible in 
consideration of the current to avoid interference, while the ground wire is also as thick as 
possible to reduce the resistance of the line and interference from the power supply and  the 
ground circuit is designed as closed loop. 
2) Decoupling: In DC circuit, the change of load will incur electrical noise. 
3) Digital ground and analog ground separation: Serious coupling occurs when analog ground 
and digital ground are the same, which results in the system to work unstable. The separation 
of digital ground and analog ground with independent circuit could effectively suppress the 
interference. 
 
 
4. Realized Functions and Blueprint for Cloud 
4.1 Verification of properties of metal debris 

The ferromagnetic and non-ferromagnetic metal particles are respectively passed through the 
sensor prototype, the acquisition signal is shown on polar coordinate as Fig. 5. For this sensor, 
the phase of ferromagnetic particle is 48 degree, while that of non-ferromagnetic particle is 148 
degree. 

 
Fig. 5 Signal of metal particles on polar coordinates 

If the signal is transformed to amplitude-time diagram, the waveform of ferromagnetic particle 
is defined as positive first followed by negative while the non-ferromagnetic particle is defined 
as negative first followed by positive. The waveforms are shown in Fig. 6 and Fig. 7, 
respectively. 

 
Fig. 6 waveform of ferromagnetic particle 

ferromagnetic 
particle Phase: 48 
degree 

non-ferromagnetic 
particle Phase: 148 
degree 
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Fig. 7 waveform of non-ferromagnetic particle 

4.2 Parameters of the system 

The sensor system is installed on “failure monitoring system of aircraft bearing”. (Fig. 8) 
Simulation of the failure of a certain type of aircraft bearing and the real-time collection of the 
metal debris information in the oil   are performed. The change of ferromagnetic debris is 
shown in Fig. 9, which indicating that the sensor reach the real-time monitoring needs. 

 
Fig. 8 “failure monitoring system of aircraft bearing” with the sensor system 

 
Fig. 9 ferromagnetic debris captured during aircraft bearing failure 

After the system assessment, the major specifications of the sensor system are listed below: 
 Sensor of 16 mm internal diameter could detect ferromagnetic debris as small as 200 
μm (diameter) and non-ferromagnetic particle as small as 500μm (diameter) 

 Maximum velocity of metal particle is at least 9 m/s 
 Within maximum velocity, rate of detection is at least 95%. 
 Power is less than 15 W. 
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 Working temperature: – 45 ～75℃ 
 Maximum working temperature of sensor is 190 ℃ 
 

5. Conclusion 
The online monitoring system for vibration and oil of aircraft engine can play an important role 
in monitoring the  mechanical operational state, the long term operational trends and early 
warning. The system is compact and small, easy to install. It could not only be applied to engine 
protection, but can also applied to the maintenance of other high speed rotary mechanical parts. 
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