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Aiming at the problem of defects detection of steel pipeline, a harmonic detection system 

was developed based on electromagnetic principle, and the target signal identification 

algorithm was studied. The Advanced RISC Machine (ARM) Cortex-M3 was adopted to 

design digital adjustable harmonic excitation source, and its effective output power can up 

to 70 W. The Field Programmable Gate Arrays (FPGA) and ARM Cortex-M4 were 

introduced to design 15 channels high speed data collector, which parallel local-storage 

rate of each channel can reach 4.7 kHz. The electromagnetic focusing excitation array and 

Tunnel Magneto Resistance (TMR) sensors array were constructed to improve the spatial 

resolution of the detection system. Meanwhile, the system also integrated GPS positioning 

and LCD real-time display functions. Furthermore, the algorithm combining Empirical 

Mode Decomposition (EMD) and variable-scale Stochastic Resonance (SR) was proposed 

to process signal and enhance the targets. The effectiveness of the instrument and 

algorithm are well verified in both simulation and experiment. The results show that this 

method has higher integration and better detection effect, which provides a novel method 

for non-contact detection of metal material defects and is suitable for engineering 

applications.  
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1. INTRODUCTION

As one of the important oil and gas transportation modes, 

pipeline transportation plays an extremely important role in 

national economy and human daily life. More than half of the 

oil and gas transportation in the world is realized by pipeline, 

with long mileage and long service life. During operation, due 

to the effects of corrosion, man-made damage, natural 

disasters and other factors, some defects will occur inevitably, 

which will cause the leakage of the medium. Especially in the 

case of heating and pressurizing the medium, it is prone to 

cause fire, explosion and other accidents when leakage occurs. 

It can also cause serious environmental pollution, heavy 

casualties and economic losses. Therefore, in order to avoid 

the occurrence of malignant pipeline accidents, it is necessary 

to carry out damage detection on pipelines regularly. 

At present, several commonly used traditional Non-

Destructive Testing (NDT) methods include X-ray testing [1], 

ultrasonic testing [2, 3], magnetic particle testing [4], 

penetration testing [5], and eddy current testing [6, 7]. 

However, radiation is harmful to the human body; ultrasonic 

testing requires coupling agent; magnetic particle testing and 

penetration testing need surface cleaning and pretreatment; 

eddy current testing is limited by skin effect. In addition, the 

smart Pig based on Magnetic Flux Leakage (MFL) can also 

realize the on-line detection of pipeline defects [8], but the pig 

crawling in the pipeline is easily limited by space and angle, 

which often causes congestion or loss, and the cost is very high. 

Transient Electromagnetic Method (TEM) can detect defects 

such as wall thickness thinning and pipe body crack [9]. 

However, due to the characteristics of attenuation and 

discontinuity, it still needs further research and improvement. 

Magnetic Tomography Method (MTM) and Geomagnetic 

Method (GM) are passive detection technologies based on 

environmental magnetic field [10, 11], which are easy to 

operate and can reflect the stress concentration area. But the 

passive magnetic field is very weak and the anti-interference 

ability is poor, which makes the detection signal vulnerable to 

external interference, difficult to extract effective information, 

low detection rate and poor accuracy. NoPig [12] detection 

equipment is large and complex to operate; Ultrasonic Guided 

Wave Testing (UGWT) [13] detection distance is short, and 

the results tend to overlap. Through the above analysis, an 

excellent pipeline detection should have the following 

characteristics: high signal strength, strong penetration 

capability, non-contact online detection, high acquisition 

efficiency, high resolution, high equipment integration, simple 

operation, etc.  

Therefore, it is very important to propose a novel pipeline 

defect detection method and develop a special detection 

instrument in order to better meet the practical engineering 

applications. We actively apply the multi-frequency excitation 

signal to pipeline under the non-contact condition, and then the 

array sensors acquire the signal and extracts the magnetic 

anomaly target at the defect. The magnetic field measurement 

sensors usually include the following types: Hall Effect sensor, 

Fluxgate sensor, Anisotropic Magneto Resistance (AMR) 

sensor, Giant Magneto Resistance (GMR) sensor, Tunnel 
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Magneto Resistance (TMR) sensor, Superconducting 

Quantum Interference Device (SQUID), and etc. [14-19]. 

Among them, the TMR sensor is based on electron spin 

characteristics and quantum tunnel effect, which has low 

power consumption and high sensitivity. It has the advantages 

of AMR and GMR sensors, and its cost is lower than quantum 

sensors. In addition, the existing detection instruments are 

mostly composed of several parts, such as industrial computers 

and data acquisition cards [20], which are bulky and 

complicated to operate. With the development of embedded 

hardware, the integration degree of instruments is getting 

higher and higher. The high performance CPU is widely used, 

such as ARM, DSP and FPGA can overcome the bottleneck of 

hardware development and improve the running speed [21-24], 

which can provide ideas for the development of pipeline 

defects detection instrument. 

The actual detected signal will be polluted by noise 

inevitably, which makes the defect signal very weak. Bosse et 

al. [25] designed the sensors array and Multiple Signal 

Classification (MUSIC) algorithm to identify the target signal 

source to realize the defect location in the plane metallic 

structure. Huang et al. [26] used Empirical Mode 

Decomposition (EMD) algorithm to decompose and 

reconstruct the collected signals, which can recognize the 

porosity defects in the aluminum alloy weld. Song et al. [27] 

introduced Wavelet Transform (WT) to process the magnetic 

field signal component and identified the crack defects of the 

high-pressure pipe. Different from the traditional filtering 

algorithm, Wan et al. [28] used the stochastic resonance (SR) 

algorithm to transfer the noise energy and realize the 

extraction of the magnetic anomaly target. Therefore, in order 

to realize the identification of pipeline defects, it is necessary 

to propose an effective target signal extraction algorithm.  

In this paper, a harmonic detection method for pipeline 

defects is proposed. This method combines high frequency and 

ultra-low frequency sine continuous electromagnetic wave to 

generate harmonic excitation signal, and uses the TMR sensors 

array to record the echo signal. A dedicated detection 

instrument was developed based on a high-performance ARM 

and FPGA dual CPUs. Finally, the EMD and SR algorithms 

are introduced to identify the target signal, which can realize 

the defects detection of the pipeline wall surface and 

subsurface. 

 

 

2. HARMONIC EXCITATION AND FOCUSING 

ARRAY 
 

The steel pipeline detection method based on harmonic 

principle can enhance the target signal strength effectively at 

the pipeline defects by applying the excitation signal actively. 

At the same time, it can shield the background noise and 

external interference to a certain extent. In addition, the 

composition of the excitation signal and the form of the coils 

array are related to the intensity of the excitation signal acting 

on the defect targets of the pipeline. 

 

2.1 Development of excitation source 

 

The Micro-programmed Control Unit (MCU) of ARM 

Cortex-M3 is used as the core controller of harmonic 

excitation source, and the Frequency Modulated Carrier Wave 

(FMCW) [29] function is realized based on Direct Digital 

Synthesis (DDS). After signal synthesis, the excitation coils 

array is driven by the power amplifier circuit directly, and the 

harmonic parameters are displayed in the 3.5 inch LCD. The 

frequency and power of the excitation source are adjustable, 

which can achieve accurate and stable harmonic signal. In 

order to facilitate the application in practical engineering, the 

12V Li-Battery supplies power for system. The overall 

architecture of the hardware is shown in Figure 1. 
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Figure 1. Architecture of excitation source hardware 

 

Because of the electromagnetic shielding on the metal pipe 

wall, the ultra-low frequency electromagnetic wave is 

introduced into the excitation source as the carrier signal, and 

the high frequency detection signal is carried at the same time. 

A programmable DDS chip AD9833 is used to generate a 

single wave, which includes a precision reference clock, a 

phase accumulator and register, a Digital-to-Analog Converter 

(DAC) and a low-pass filter. It can generate sine wave, triangle 

wave and square wave, and the output frequency range is 0Hz 

to 12.5 MHz. AD9833 is connected to the digital 

potentiometer MCP41010 and adjusted by the program in the 

MCU through Serial Peripheral Interface (SPI) 

communication. However, the output voltage of the chip is 

about 0 to 650 mV. Therefore, AD8051 is used to design the 

in-phase proportional operation amplifier circuit, and its 

output signal is amplified as shown in Figure 2. 
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Figure 2. Signal amplifying circuit 

 

In this circuit, the in-phase input of amplifier is the 

sinusoidal signal from the DDS output, and the anti-phase 

input is the signal after dividing the amplifier output value by 

resistors R1 and R2. According to the “virtual short” feature 

of the amplifier, the two input terminals have the same voltage 

without considering the influence of leakage current. It is 

possible to amplify the input signal VDDS to a certain multiple 

by adjusting the values of resistors R1 and R2. The amplifier 

model can be expressed as: 

 

2
1 1

1

(1 )OUT DDS

R
V V

R
=  +

 
(1) 

 

In this paper, DDS is set as a sinusoidal signal with the 

initial phase of 0, the frequency is adjustable by pressing the 
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key, and the amplitude is adjusted by feedback resistor. 

Similarly, the same circuit can generate another sinusoidal 

signal. Based on the principle of FMCW, the harmonic 

generation circuit is designed. LM324 operational amplifier is 

used to realize DDS signal synthesis with different frequency 

by constructing the add operation circuit. The mathematical 

analytical model can be expressed as: 

 

0 0

( ) ( ) sin(2 )
n n

i i i i

i i

f t f t A f t 
= =

= = + 
 

(2) 

 

where, 𝑖 is the number of sine wave; 𝐴𝑖 is the amplitude; 𝑓𝑖 is 

the frequency component; 𝜃𝑖 is the initial phase angle. Then, a 

cascade voltage follower is designed to improve the input 

impedance and reduce the output impedance, while acting as a 

buffering isolator to improve the circuit robustness. It is 

similar to the in-phase proportional op-amp circuit, but the 

voltage follower feeds back all the output voltage to the anti-

phase input terminal so that the feedback factor is 1. The 

harmonic synthesis signal is shown in Figure 3.  
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Figure 3. Harmonic synthesis 

 

Harmonic wave does not have the ability to drive the load, 

it can only be as a signal source. In order to make the harmonic 

excitation signal meet the requirements of detecting pipeline 

defects, the coils array is driven by high voltage and high 

current operational amplifier OPA549. With DC boost module, 

12 V DC power supply is converted to ± 30 V to provide “rail 

to rail” external voltage for amplifier. Then, the in-phase 

proportional operational amplifier circuit and the voltage 

follower circuit are designed to improve the harmonic 

amplification accuracy and drive capability. The harmonic 

output power is adjusted by the slide rheostat in the negative 

feedback circuit. 

In order to meet the parameter setting of harmonic 

excitation source in different detection requirements, the 

harmonic parameters are displayed in LCD, including the high 

frequency (HF) component and low frequency (LF) 

component of harmonic, as well as the actual driving voltage, 

current and power. Among them, the frequency of harmonic 

components can be obtained and displayed directly when DDS 

is generated, but other parameters acquisition requires the 

external detection circuit. A precise detection circuit of True 

Root Mean Square (TRMS) of harmonic signal is designed, 

which uses the amplification and depth negative feedback of 

LMC6482 to reduce the non-linearity of diode and the error 

effect of threshold voltage. Then, the conversion from TRMS 

to DC is realized by AD637, and the second-order low-pass 

filter is realized by OPA177 precision operational amplifier, 

with a cut-off frequency of 10 Hz. High precision current 

transformer with serial port is used to obtain the output current, 

and the baud rate is set to 9600 bps. 

Under the premise of a certain output impedance, the 

maximum effective output power of the harmonic excitation 

source can be more than 70W, and the actual hardware is 

shown in Figure 4. 
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Figure 4. Harmonic excitation source test 

 

2.2 Design of focusing array detector 

 

After impedance matching, the harmonic signal is sent to 

the exciting coils array directly, but the lift-off distance will 

lead to the intensity attenuation of the excitation signal. So the 

array detector focusing structure is proposed to improve the 

actual detection effect of harmonic excitation. Using 0.5mm 

diameter enamelled copper wire, five square excitation coils 

are made, and each of them has 20 turns. Without considering 

the coils width, four small square coils with side length of 

20cm, one large square coil with side length of 43cm, and the 

distance between each coil set as 1 cm, are made to form a 

focus array in this paper. According to the vector signal 

characteristics of harmonic magnetic field, the TMR three-

dimensional (3D) vector sensor is used to replace the 

traditional detection coil. The detector structure is shown in 

Figure 5. 
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Figure 5. The detector structure 

 

Based on the tunnel magneto resistance effect, the harmonic 

magnetic field is collected. The signal of each axis of the 

sensor is output in the form of difference, which has higher 

stability and anti-interference ability. The detector is more 

sensitive to pipeline small defects, and obtains higher 

detection sensitivity and spatial resolution, breaking through 
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the half wavelength limit. At the same time, the TMR array 

expands the coverage of the received signal and provides the 

feasibility for the detection of the pipeline side defects. 

During the operation of the system, the 5-element array 

coils are applied with harmonic excitation signals in parallel, 

and five TMR vector sensors collect the harmonic echo signals. 

The array detector designed in this paper is analysed by finite 

element. When the harmonic current is set to 2A and the lifting 

distance is 100 cm, the focusing effect is as shown in Figure 6. 
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Figure 6. Array focusing 

 

The three-dimensional Cartesian coordinate system is 

established with the center of the array as the origin, and the 

array and non-array excitation probes are compared under 

different lift off distances. Within the range of [-50, 50] cm 

detection line below the detector, the lift-off height is set at 30 

cm, 50 cm and 70 cm respectively, and the harmonic flux 

density mode gradually decreases. The performance of the 

excitation focusing array is about 2 times higher than the non-

array detector. Under the same excitation intensity, the 

effective excitation coverage area is larger, which enhances 

the effect of pipeline damage detection, as shown in Figure 7. 

 

 
 

Figure 7. Focusing performance comparison 

 

 

3. HIGH SPEED PARALLEL HARMONIC 

ACQUISITION AND STORAGE 

 

The differential TMR 3D vector sensor array improves the 

detection ability, but puts forward higher requirements for the 

acquisition and storage of multi-channel sensor data. FPGA 

(EP4CE10E22C8) and ARM Cortex-M4 (STM32F407) dual 

controllers system is adopted [30]. The front-end controls the 

parallel acquisition of 15 channel harmonic signals, system 

time and XYZ three-axis curve display. The back-end realizes 

the USB flash disk data storage, GPS positioning, key and 

LED functions. The system architecture is shown in Figure 8. 
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Figure 8. Architecture of high speed acquisition system 

 

3.1 FPGA - signal acquisition 

 

TMR sensor is composed of three unique push-pull 

Wheatstone full bridge, in which each axis signal is output in 

the form of differential analog voltage. The array detector has 

five sensors, including 30 channels of analog voltage signal. 

In order to save ADC resources, eight AD8277 integrated 

operational amplifier differential subtraction circuits control 

the conversion from differential voltage to single terminal 

voltage signal. The integrated operational amplifier has high 

gain accuracy, and the common mode rejection ratio (CMRR) 

can reach 86dB, which can realize the precise adjustment of 

15-axis harmonic signal. In addition, because of the positive 

and negative value of the harmonic magnetic field collected by 

the sensor, the AD8277 needs bipolar power supply. 

MAX1626 and LM2662 are used to supply 5V and -5V power 

respectively. 

AD7606 is an integrated 8-channel and 16bit high-precision 

synchronous sampling Analog-to-Digital Converter (ADC), 

which can acquire ±5 and ±10 true bipolar input analog signals 

with +5 V single power supply. It has a high input impedance 

of 1M Ohm, an on-chip anti-alias filter of 3 dB and a cut-off 

frequency of 22 kHz. In order to realize the high-speed 

acquisition of 15 channels harmonic signals, two AD7606 

chips are adopted. The ADC controller is designed in FPGA, 

and the binary complement is calculated as the actual voltage 

value. The 30 MHz clock is generated by Phase Locking Loop 

(PLL) in FPGA, which has high harmonic acquisition speed 

and clock frequency, but it is not suitable for subsequent data 

flow control. For the problem of clock mismatch, a 16bit 

asynchronous double First In First Out (FIFO) ping-pong 

structure is designed. When writing to FIFO1, it will 

automatically switch to read to FIFO2. When writing to FIFO2, 

it will switch to read to FIFO1 and poll in turn. Among them, 

the write clock is generated by FPGA and the read clock is 

generated by ARM Cortex-M4, which realizes the efficient 

transmission of data flow across the clock domain. It prevents 

data overflow and channel disorder. 

FPGA displays the XYZ three-axis curve of the sensor in 

the center of the array in real-time in LCD. At the same time, 

the system depends on the Real Time Clock (RTC) chip 

DS1302 to provide the date and time, and an external passive 

crystal oscillator with frequency of 32.768 KHz to provide the 

precise clock source. The chip is controlled by FPGA to 

communicate with SPI bus and displayed in LCD. Among 

them, the LCD is a 7-inch touch screen, and its Viewtech 

Graphical User Software (VGUS) configuration function 
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greatly improves the development speed. The interface is 

designed in the computer, and the final configuration file can 

be imported into the LCD directly. In addition, the touchpad is 

designed with three touch command buttons: zoom in, zoom 

out and exit. The LCD interface is shown in Figure 9. 
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Figure 9. Touch screen interface 

 

3.2 ARM - signal storage 

 

In the practical application of engineering detection, it is 

necessary to ensure both the detection speed and the accuracy, 

so sufficient sampling rate is needed. Taking the artificial 

detection as an example, the moving speed is about 1 m/s, and 

the high frequency component of the harmonic is 1kHz. 

According to Nyquist Theory, the sampling rate greater than 

2kHz must be stored locally to ensure the complete analysis of 

subsequent signals. Under this condition, the resolution of 

pipeline detection within 0.5 cm can be ensured. 

In order to meet the actual detection requirements, the USB 

flash disk with 32 G capacity is used as the data storage 

medium, which has the characteristics of stability, plug and 

play. ARM Cortex-M4 has the function of On-The-Go (OTG), 

which is developed on the basis of USB2.0 protocol. It gets rid 

of the limitation of computer and realizes the data exchange of 

mobile terminal without host. The collected data points are 

stored in the size of 6x8bit, the first bit is the symbol, and the 

last five bits are the data. For example, -1.2345 v, the storage 

format is -12345. The sensor array has 15 channels of data, 

each of those is stored at a synchronous storage rate of more 

than 2 kHz, with a total storage rate of at least 30 kHz of signed 

data points. ARM Cortex-M4 controls the Flexible Static 

Memory Controller (FSMC) bus to read the data cached in the 

FIFO of FPGA and store it in the USB flash disk. The file 

format is CSV, in which each column contains data for one 

channel, with a total of 15 columns. The name of created file 

is the date and time obtained in RTC module, so as to ensure 

that data files will not be duplicated or overwritten.  

Most of the pipeline detection work is in outdoor 

environment, GPS positioning can help to determine the 

location of pipeline damage. The format of geographic 

coordinate information acquired by GPS module is NEMA-

0183, and its acquisition frequency is set to 5 Hz. According 

to the longitude and latitude coordinates, the pipeline detection 

route is calculated. Combined with the detection environment 

and different external interferences, the detected pipeline 

sections are divided in detail. The collected signals in the 

corresponding pipeline sections are processed separately to 

ensure the effective location of the pipeline defects. 

In addition, three LED indicators are designed. When the 

system is powered on, LED1 flashes at 1 Hz to prompt to wait 

for the USB flash disk to be inserted. When the USB flash disk 

is successfully tested and ready, LED1 is always on. LED2 

blinks at 1 Hz, indicating that the data is being stored. LED3 

is to show system failure, and the system will automatically 

perform reset operation, otherwise it will be normally closed. 

Set the key interrupt function to control the stop of the 

acquisition system and the closing and saving of the CSV data 

file. After the execution, LED1 and LED2 will flicker at 2Hz 

at the same time, indicating that the USB flash disk can be 

pulled out. 

After testing the performance of the instrument, it is finally 

determined that the synchronous acquisition and storage rate 

of 15 channels can reach 4.7 KHz. The total storage rate of 

signed data points can reach more than 55 KHz with stable and 

reliable performance. The actual hardware is shown in Figure 

10. 
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Figure 10. High speed acquisition system test 

 

 

4. DEFECTS SIGNAL IDENTIFICATION 

ALGORITHM 

 

In general, the environment and working condition of 

pipeline operation are complex, and there will be inevitably 

noise pollution in the collected signal, which brings great 

difficulties to the effective identification and extraction of 

pipeline defects signal. Under the background of strong noise 

and interference, the algorithm of EMD and SR is introduced 

to extract the target signal of pipeline defects. 

 

4.1 Empirical mode decomposition 

 

Empirical mode decomposition is an adaptive signal 

analysis algorithm without preset parameters, which can 

decompose signals into a series of Intrinsic Mode Functions 

(IMF) and residuals according to their own characteristics [31]. 

For signal 𝑥(𝑡), the steps of EMD algorithm can be divided 

as follows: 

(1) Find the local maximum and minimum of the signal, 

and then the cubic spline method is adopted to fit the upper 

envelope 𝑙𝑚𝑎𝑥(𝑡) and the lower envelope 𝑙𝑚𝑖𝑛(𝑡); 

(2) Calculate the average value of the upper and lower 

envelope, which can be defined as: 

 

max min( ) ( )
( )

2

l t l t
m t

+
=

 
(3) 
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The difference 𝑐1(𝑡) between the original signal 𝑥(𝑡) and 

the average value 𝑚(𝑡) is regarded as an IMF to be selected, 

written as:  

 

1( ) ( ) ( )c t x t m t= −  (4) 

 

(3) If 𝑐1(𝑡) meets the IMF condition, set 𝑑1(𝑡) = 𝑐1(𝑡), 

otherwise repeat steps (1) and (2) until 𝑐1𝑘(𝑡) satisfies the IMF 

condition, where 𝑘 is the number of iterations. 

(4) Remove the high frequency component and replace 

𝑥(𝑡) with 𝑟(𝑡), expressed as: 

 

1 1( ) ( ) ( )r t x t d t= −
 

(5) 

 

And repeat steps (1), (2), and (3) until the next IMF is 

obtained. When the EMD iteration is completed, the signal is 

decomposed into the following: 

 

1

( ) ( ) ( )
I

i I

i

x t d t r t
=

= +
 

(6) 

 

According to the above analysis, EMD can decompose 

complex signals adaptively. The simulation signal 𝑥(𝑡)  is 

shown in Eq. (7), which contains two defects and the target 

signal is submerged completely by adding noise. 
 

1 1 1 2 2 2( ) sin(2 ) sin(2 )x t A f t A f t   = + + +  (7) 

 

Analyze the simulation signal and make Fast Fourier 

Transform (FFT), as shown in Figures 11(a) and (b). 
 

 
(a) 

 
(b) 

Figure 11. (a) Original signal submerged by noise. (b) 

Spectrum of signal 

For the pipeline simulation signals with defects, the 

parameters are set as follows: 𝐴1 = 2, 𝐴2 = 2.5, 𝑓1 = 23𝐻𝑧, 

𝑓2 = 1000𝐻𝑧, 𝜃1 = 𝜋 6⁄ , 𝜃2 = 𝜋 3⁄ . 

After decomposition by EMD algorithm, the residual 

component is removed. Then the effective IMF components 

are selected and the square sum is calculated for time domain 

reconstruction. The targets signal are extracted and normalized 

as shown in Figure 12. 

 

 
 

Figure 12. Target signal extraction by EMD algorithm 

 

4.2 Variable scale stochastic resonance 

 

Although EMD has the advantages of binary filter banks, it 

is prone to mode aliasing when dealing with complex signals 

with noise and mutation. Especially in the case of low Signal 

to Noise Ratio (SNR), modal aliasing seriously affects the 

performance of targets signal extraction. Based on the 

mechanism of energy transfer, SR makes the system, signal 

and noise achieve cooperation and produce resonance peaks. 

It is suitable for weak signal extraction and detection under 

strong noise background, so as to improve the targets 

extraction performance [32, 33]. 

The nonlinear bistable SR system can be represented by 

Langevin model, as follows: 

 

( )
( ) ( )

dU xdx
s t n t

dt dt
= − + +

 
(8) 

 

where, 𝑥(𝑡) is the output signal of system; 𝑠(𝑡) is periodic or 

aperiodic signal; 𝑛(𝑡) is noise; 𝑈(𝑡) is the potential function 

of bistable system, which can be expressed as: 

 

( ) 2 4

2 4

a b
xU xx − +=

 
(9) 

 

where, 𝑎 and 𝑏 are non-negative system parameters. 

By adjusting the parameters of the system, the barrier height 

and the width of the potential well can be changed, which 

affects the transition ability of the particles. The parameters in 

the optimal output state can be obtained by judging the 

optimization conditions, so that the system can reach the state 

of stochastic resonance. The adjustment of the potential 

function is shown in Figures 13(a) and (b). It can be seen from 

the Figure 13 that the larger the parameter a or the smaller the 

parameter b, the wider the potential well and the higher the 

potential barrier. 
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(a) 

 
(b) 

Figure 13. The change of potential function under different 

parameter settings. (a) 𝑏 = 4, 𝑎1 = 1, 𝑎2 = 2, 𝑎3 = 3; (b) 

𝑎 = 3, 𝑏1 = 4, 𝑏2 = 5.5, 𝑏3 = 8. 

Because of the large sampling frequency, it is necessary to 

change the scale to compress the signal frequency linearly to 

make it conform to the small parameter signal characteristics 

of the stochastic resonance system. The collected signals are 

all mixed signals with noise, which can be expressed as: 

 

( ) ( ) ( )sn t s t n t= +  (10) 

 

The SR model system can be solved by the fourth-order 

Runge-Kutta method, which is described as Eq. (11): 
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where, ℎ is the iteration step size, 𝑥𝑛is the output signal of the 

SR system, a and b are system parameters.  

After being processed by EMD algorithm, the signal is input 

to SR system for target enhancement, which will cause 

distortion in time domain. The time-domain recovery system 

is introduced to calculate its response signal, as shown in 

Figure 14. 

 
 

Figure 14. Response signal of SR recovery system 

 

The algorithm of EMD and Variable Scale SR can extract 

the targets signal of pipeline defects effectively. The signal-to-

noise ratio (SNR), root mean square error (RMSE) and 

kurtosis factor (KF) are used to evaluate the performance of 

the signal analysis method, as shown in Table 1. 

 

Table 1. Algorithm performance evaluation 

 
 SNR RMSE KF 

EMD 0.1052 2.6433 93.9715 

EMD and SR 4.3592 0.0702 449.7216 

 

 

5. EXPERIMENTAL VERIFICATION AND RESULTS 
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Figure 15. Experimental platform 
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(b) 

 

Figure 16. (a) The signal collected in the actual experiment; 

(b) Actual spectrum of signal 

 

In order to verify the practicability of the harmonic 

excitation source and high-speed acquisition system, an indoor 

pipeline damage detection experimental platform is built. The 

developed system device is used for signal excitation and 

acquisition, and the target signal is extracted by the algorithm 

proposed in this paper. Q235 seamless steel pipeline is 

selected as the experimental pipeline, with a total length of 265 

cm, an outer diameter of 7.5 cm and a wall thickness of 0.4 cm. 

There are six prefabricated defects on the pipe wall, which are 

axial crack, circumferential crack, rectangular groove, circular 

through hole, circular blind hole and 45-degree crack in turn, 

corresponding to the actual distances of 53 cm, 75 cm, 105 cm, 

144 cm, 185 cm and 217 cm respectively. In this experiment, 

the pipeline was placed horizontally and tension was applied 

on both sides. The harmonic excitation source is set as the 

empirical value of 23 Hz and 1000 Hz, the sampling frequency 

of signal acquisition is set to 4.5 kHz, the lifting distance 

between the sensor and the pipeline is 30 cm, and the detection 

vehicle keeps moving forward 270 cm at a constant speed. 

However, if the actual detection is performed outdoors or 

under other conditions, several people are needed to hold the 

probe and device. The indoor experiment platform is shown in 

Figure 15. 

During the operation of the instrument, it can be seen from 

the LCD of the excitation source that the parameters of the 

harmonic signal are stable, and it can be seen from the LCD of 

the acquisition instrument that the echo signal recorded by the 

sensor array is also stable. After the experiment, the data is 

stored in the USB flash disk in the form of CSV. The data in 

the USB disk is exported for further processing to identify the 

pipeline defects. Take the data of No.5 TMR sensor as an 

example, XYZ three-axis signal is shown in Figure 16(a), and 

its FFT is shown in Figure 16(b). 

The essence of the pipeline defect harmonic detection 

method is the identification of the magnetic anomaly target 

signal at the defect, which has the characteristics that the 

normal component crosses the zero point and the tangential 

component has the maximum value. Each single-axis signal is 

decomposed using EMD to obtain IMF and residual 

component, and select effective signal components to 

reconstruct and normalize the square sum. Then the signal is 

input into the variable scale SR system, and the appropriate 

parameter value is adjusted to make the system reach the 

optimal resonance output state and recover in time domain. 

The data processing flow is shown in Figure 17. 

Detect signal input

Pipeline defects identification

Variable-scale stochastic resonance  

Signal recovery in time domain

Empirical mode decomposition

Intrinsic mode functions selection

Quadratic sum reconstruction

Parameter optimization

 
 

Figure 17. Data processing flow 

 

Due to the different sensitivity of different defects signal to 

XYZ three-axis direction, 3D fusion of array signals is more 

effective for pipeline defects signal extraction. Comparing the 

signal processing results with the actual pipeline defects 

location, it is found that the experimental results are consistent 

with the expected target, which shows that different defects 

can be identified qualitatively, as shown in Figure 18. 
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Figure 18. Experimental result 

 

 

6. CONCLUSIONS 

 

A harmonic detection method for the defects of metal 

pipeline is proposed in this paper. High sensitivity and spatial 

resolution are obtained by an excitation focusing array and a 

TMR multi-dimensional differential sensor array. A digital 

adjustable harmonic excitation source based on ARM Cortex-

M3 is developed, its total power can achieve more than 70W, 

and the output signal parameters can display in 3.5-inch LCD. 

A high-speed data acquisition system with dual controllers 

based on FPGA and ARM Cortex-M4 is developed. A 7-inch 

touch screen can display the XYZ three-axis curve in real time, 

and it is equipped with GPS positioning and USB flash disk 
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local storage functions in this system. The real-time parallel 

storage rate of 15 channels can up to 4.7 kHz each channel. 

The EMD and variable scale SR algorithm for pipeline defects 

signal extraction is proposed, which can improve the SNR, 

RSME and KF effectively.  

The simulation and practical experiments show that the 

focusing array detector is reasonable and effective, the 

harmonic excitation source can output stably, the high-speed 

acquisition and storage system can record signals completely, 

and the signal processing algorithm can identify the location 

of the pipeline defects accurately. The whole system has the 

characteristics of low cost, small volume and simple operation, 

which is more suitable to be popularized in engineering 

detection. At the same time, this method and instrument 

provide a novel idea for the detection of metal material 

damage with certain thickness. 

In the future, we will integrate the excitation source, 

acquisition instrument and li-battery together and install them 

on a small inspection vehicle, which is easy to move and 

realize automatic detection. A large number of experiments 

will be carried out to establish a database of different types of 

pipeline defects, and further research will continue in terms of 

artificial neural networks and machine learning to support 

defect type identification, classification and credibility 

analysis, etc., so as to achieve intelligent detection and more 

effectively guarantee the safe operation of pipelines. 
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