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Abstract
The harmonic magnetic field detection method has the advantage of a large lifting height, which is particularly
beneficial for the detection of steel pipelines without removing cladding. However, it has the problem of
strong coupling between the excited and induced magnetic field signal, which limits its detection accuracy.
In this work, we propose a differential compensation probe, which can effectively suppress the excitation
magnetic field signal in the detection signal, in order to significantly improve the accuracy of the harmonic
magnetic field detection method. The defect detection capability of the probe is verified both by the finite
element simulations and experiments. Despite its simple structure, the differential compensation probe greatly
improves the signal-to-noise ratio of the detection signal. It is expected that the detection method based
on the differential compensation probe will have a broad application prospect in the detection of pressure
pipelines and vessels with cladding layers.
Keywords: steel pipeline, differential compensation probe, cladding layer, defect detection.

1. Introduction

As the key equipment in many important industries such as petroleum, chemical, nuclear power,
thermal power, and shipbuilding, pipelines have played an important role in facilitating infrastructure
construction and promoting the development of national economies and defence [1]. Various
detection methods have been proposed to ensure the safe operation of pipeline transportation,
including magnetic flux leakage testing [2], ultrasonic testing [3], pulsed eddy current testing [4,5],
digital radiography [6]ayer with a thickness of more than 200 mm to achieve the purpose of
thermal insulation, which makes pipeline defect detection [1, 8, 9] very difficult. The harmonic
magnetic field detection method, which is used to detect the high-lift steel pipe, is different from
the multi-frequency eddy current detection, and its detection signal contains the low-frequency and
high-frequency sinusoidal signal at the same time. The low-frequency signals effectively overcome
the skin effect of the pipe, and the high-frequency signals are more powerful, thus, the detection
signal not only improves the transmission ability of the excitation signal but also improves the
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detection sensitivity. [10, 11]. Previously, we designed a harmonic magnetic field detection system
including a focused detection probe, which efficiently identified defects outside the pipeline with
a 100 mm thick cladding layer [12]. With the increase of the lifting height, the signal-to-noise
ratio decays rapidly, which leads to difficulties in obtaining effective information from the detected
pipeline. Zhao et al. [13] established a finite element model of the magnetic focusing excitation
coil, and the simulation results showed that the acquired magnetic field signals were mixed with
many noise and interference signals, which hindered the extraction of pipeline defect information.
To solve the problem of harmonic signal extraction, Zhao et al. [10] designed an orthogonal vector
differential focusing array detector and proposed a detection signal processing method for this
detector. In result, they achieved a lifting height of 2-3 times the pipeline diameter. Although the
harmonic magnetic field detection method is suitable for the detection of defects in steel pipelines
with large lift-offs, the current signal extraction methods are complex and the detection results
have a high false alarm rate, which limits its practical application in engineering. Therefore, it is
necessary to develop a high signal-to-noise ratio detection probe to quickly and accurately detect
pipeline defects and locate them.

Non-Destructive Testing (NDT) methods based on the electromagnetic induction theory [9]
usually suffer from the excitation magnetic field signal interference with the detection signal.
Chady et al. [14] designed a probe that generated a zero flux axis, which consisted of a ferrite core
and four magnetic pillars arranged 90°apart around the core, with the core wound in the receiving
coil and the pillars wound in the excitation coil. As a result. they were able to obtain the image of
a 3 mm crack at a lifting height of 1.25 mm. Liu et al. [15] designed an eddy current sensor array
consisting of a periodic excitation coil and multiple differential detection coils, which increased
the defect detection resolution by 1000 times. Hayashi et al. [16] designed a differential probe with
two sets of tunnel magnetoresistance (TMR) sensors, which could effectively suppress interference
signals by using the differential method. Trung [17] designed a uniform eddy current converging
excitation coil and differential coil receiving probe with which minor defects were successfully
detected at a lifting height of 0.25 mm. Xu et al. [18] proposed a system for differential eddy
current detection which utilized the basic principle of alternating current bridge. By analysing
the voltage difference between the two coils in the bridge circuit without lifting off, they obtained
the signal amplitude and phase changes caused by a 0.2 mm crack. Moreover, Pasadas et al. [19]
designed an eddy current probe with dual excitation coils and a sensing coil They successfully
used it to conduct detection experiments on defects with a diameter of 2 mm at a lifting height
of 0.5 mm. Although much progress has been made in the detection of steel pipelines without
removing cladding, the existing probes still have a low lifting height (usually within 10 mm) and
there is also the problem of coupling interference between the excitation magnetic field signal and
the induction magnetic field signal, which have a significant negative impact on detection accuracy.

To address the issues above, in this work, we propose a differential compensation probe to
remove the interference of excitation magnetic field signals to significantly improve the accuracy of
the harmonic magnetic field detection method. We present the working principle of the proposed
probe and detection system. The feasibility of the proposed probe is analysed and verified using
a finite element model. The preparation method and hardware circuit design of the probe are
described in detail. The experimental setup for detecting defects in steel pipelines with a cladding
layer was constructed, and the experiments and analysis were carried out to verify the feasibility and
effectiveness of the method. The consistent results of the theoretical analysis, numerical simulation,
and experimental testing indicate that the differential compensation probe has the advantages
of simple structure, large lifting distance, and high detection accuracy. It is expected that the
differential compensation probe will promote the application of harmonic magnetic field detection
methods in engineering practice, including pressure pipelines and vessels with cladding layers.
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2. Probe principle and structural design

2.1. Harmonic magnetic field detection principle

Harmonic magnetic field detection is an electromagnetic non-destructive detection method
consisting of a low-frequency carrier wave and high-frequency multiple harmonics. Fig. 1 is
a schematic diagram of a typical harmonic excitation source signal and its composition simulated
in MATLAB. The red signal represents the harmonic detection signal, and the magenta and blue
signals are low-frequency carrier signals and high-frequency multiple harmonics, respectively. The
low-frequency carrier signals [13] effectively overcome the skin effect, enhancing the penetration
capability of the detection signal. However, excessively low excitation frequencies make it
challenging to balance detection speed and signal resolution for long-distance pipelines. Therefore,
a detection signal frequency of 25 Hz was selected.

High-frequency harmonic detection signals exhibit high sensitivity [21] and are particularly
effective at detecting small defects. However, the selection of high-frequency harmonic signals
is influenced by the inductive reactance of the excitation coil and the rated output power of the
harmonic excitation source. Consequently, the high-frequency harmonics include the fundamental
frequency at 300 Hz, as well as the third and fifth harmonics [13]. Therefore, the harmonic
detection signal f (t) is a periodic signal generated by the superposition of several sinusoidal
signals of different frequencies, and its mathematical model can be expressed as follows:

f (t) = A0 sin (2π f0t + θ0) +

n∑
i=1

Ai sin (2π fit + θi) , (1)

where: A0, f0 and θ0 are the amplitude, frequency, and starting phase of the low-frequency
carrier sinusoidal signal. Ai , θi and fi are the amplitude, frequency, and starting phase of the
high-frequency sinusoidal signal, respectively.

Fig. 1. Harmonic excitation source signal.

The schematic diagram of the detection system is shown in Fig. 2. The coil of the detection
probe is connected to a harmonic current by the harmonic excitation power supply, and the
excitation coil generates a harmonic magnetic field. The excitation magnetic field passes through
the air and the cladding layer to reach the steel pipeline. The steel pipeline is excited by the
excitation magnetic field and generates induced eddy currents, which produce an magnetic field

3

https://doi.org/10.24425/mms.2025.152775


X. WANG et al.: DETECTION OF STEEL PIPELINE WITHOUT REMOVING CLADDING BASED ON . . .

Fig. 2. Schematic diagram of the detection system.

that contains information about the detection region. Upon reaching the region of pipeline damage,
the induced eddy currents are affected by a change in the electric conductivity of the pipeline due
to a variation in the relative cross-section. At this time, the magnetic field signals are acquired by
triaxial TMR sensors [22, 23], and the magnetic field signals are captured and stored by the data
acquisition device.

2.2. Probe operation principle

Reducing the interference of the excitation magnetic field signal is the key method to realise
the extraction of the detection signal of the pipeline without removing the cladding layer. The
direction, magnitude, and propagation distance of the magnetic field generated by the coil are
closely related to the winding direction, current direction, radius, and number of turns of the
coil. An ideal zero flux point can be achieved at a point in space by adjusting the coil parameters.
Based on the considerations above, four coaxial coils are arranged in the same plane, as shown
in Fig. 3a. The brown coil is the excitation coil, which serves to provide the main excitation
magnetic field for the detection. The orange coil and the yellow coil are Magnetic Focusing Coil 1
and Magnetic Focusing Coil 2, respectively, which serve to compensate for the excitation coil
and provide the magnetic field focusing. The blue coil is the dephasing coil, which is designed

(a) (b)
Fig. 3. Detection probe for removing the excitation field.
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to generate a magnetic field in the opposite direction of the excitation as well as the magnetic
focusing coil to realize the purpose of generating a zero flux point on the axis of the coil. The
middle purple is the location of the zero flux probe, which is in the centre of the coil. The zero
magnetic flux sensor searches for zero flux points on the coil axis through the helical vice. The
light green probe arranged on the upper side of the probe axis is the differential auxiliary probe of
the three-axis magnetic field sensor which is used to collect the pure excitation magnetic field
signals. Subsequently, the signal differentiation with the zero flux probe signal will be performed.

According to the Biot-Savart law and the formula for calculating the magnetic field component
of a single-turn coil at any point in space [24], the magnetic field strength of a single-turn coil
at a certain point in space is described as follows:

Bx =
µ0IR
4π

2π∫
0

z cos βi(
R2 + y2 + z2 − 2yR sin β

) 3
2

dβ

By =
µ0IR
4π

2π∫
0

z sin βj(
R2 + y2 + z2 − 2yR sin β

) 3
2

dβ

Bz =
µ0IR
4π

2π∫
0

(R − x cos β − y sin β) k(
R2 + y2 + z2 − 2yR sin β

) 3
2

dβ

, (2)

where β is the pole angle in polar coordinates, µ0 is the vacuum permeability, I is the energizing
current, and R is the coil radius. According to (2), when the magnetic sensor is arranged at the centre
of the axis, themagnetic field components in the x-axis and y-axis direction are 0. The excitation coil
and two magnetic focusing coils are used to ensure that the excitation of the pipeline with cladding
is achieved at a large lifting height. Therefore, the ideal zero-flux point can be found by cancelling
the magnetic field component in the z-axis direction using an offsetting excitation magnetic field
coil. As shown in Fig. 2, the magnetic field at the coil axis (0, 0, z) can be described as follows:
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(3)

where N1, N2, N3, and N4 represent the number of turns of the excitation coil, Magnetic Focusing
Coil 1, Magnetic Focusing Coil 2, and the coil that counteracts the excitation magnetic field,
respectively. R1, R2, R3, and R4 represent the radius of the excitation coil, Magnetic Focusing Coil
1, Magnetic Focusing Coil 2, and the coil that counteracts the excitation magnetic field, respectively.
The triaxial magnetic field strength at the centre point (0,0,0) can be described as follows:

Bx0 = 0
By0 = 0

Bz0 =
µ0Ik

2

[
N1
R1
+

N2
R2
+

N3
R3
−

N4
R4

] , (4)

According to (3), by fixing the radius and turns of the excitation coil, Magnetic Focusing Coil 1,
Magnetic Focusing Coil 2, it is possible to calculate the N4 and R4 of the coil that counteracts the
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excitation magnetic field This process facilitates the convergence of Bz0 towards zero. To solve the
problem of the residual excitation magnetic field signal in the actual design process, the method
of collecting pure excitation magnetic field and zero magnetic field signal and making a difference
is applied to further remove the residual excitation magnetic field signal. By selecting a point in
space (0, 0, z1), the magnetic field intensity Bz1 of this point is obtained, and the ratio α of the
magnetic field intensity at two points can be expressed as follows:

α =
Bz1
Bz0

. (5)

The magnetic field detected in the space is a combination of an excitation magnetic field, an
induced magnetic field generated by pipelines, and other magnetic fields. The strength of the
spatial magnetic field (Bsum) is described as follows:

Bsum = Bm + Bs + Bother (6)

where Bm is the magnetic field generated by the probe coil, Bs is the secondary magnetic field
generated by the excited magnetic field of the pipeline, and Bother is the magnetic field generated
by other factors. According to the propagation characteristics of the magnetic field, the zero flux
sensor is close to detecting the object, and the secondary magnetic field in the z-axis direction
at the zero magnetic flux point (Bs z0) is much larger than the secondary magnetic field in the
z-axis direction at the compensation difference point (Bs z1). Therefore, with the magnetic field
strength in the z-axis direction at the zero flux point (Bsum z0) minus the magnetic field strength
in the z-axis direction at the compensation point (Bsum z1), the probe acquisition magnetic field
strength (∆Bz) can be described as follows:

∆Bz = Bsum z0 −
Bsum z1

α
≈ Bs z0 −

Bs z1
α
≈ Bs z0. (7)

Similarly, for the x-axis and y-axis, differential compensation processing is also required due to
the position error of the sensor assembly.

3. Finite Element Analysis of the Principles and Performance of Detection Probes

3.1. Probe model construction and magnetic field simulation analysis

3.1.1. Probe model

Here, we use the AC/DC module of COMSOLMultiphysics finite element simulation software
for coil theoretical design. As shown in Fig. 3b, a three-dimensional (3D) model of the detection
probe is established which consists of four coils, two TMR magnetic sensors (domain probes
instead), and an air domain. Regarding the coils, the excitation coil is set to have a radius of 175 mm
with 100 turns, Magnetic Focusing Coil 1 a radius of 125 mm with 100 turns, Magnetic Focusing
Coil 2 a radius of 75 mm with 100 turns, and the coil that counteracted the excitation magnetic
field a radius of 40 mm with 109 turns, all coils are placed in an air domain with a side length of
1000 mm. We select copper for the coil and air for the air domain from the built-in material library.
Next, we set the number of coil turns, coil type, current direction, and coil excitation in the model,
and connected the four coils in series. By analysing the skin effect of the pipeline and the reflection
coefficient of the electromagnetic wave, the characteristic frequency of the detection signal is
selected to ensure the effective propagation distance and sufficient energy intensity of the detection
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signal [13]. The circuit interface provides a superposition of four sinusoidal current sources with
a current of 5 A and frequencies of 25 Hz, 300 Hz, 900 Hz, and 1.5 kHz. The harmonic magnetic
field detection is based on Maxwell’s electromagnetic field theory.

3.1.2. Finite element simulation of removing excitation magnetic fields

According to (2), it can be seen that the x-direction and y-direction magnetic field strength
components on the axis of the probe coil model are zero. Therefore, using or not using the blue
coil in Fig. 3a is applied to verify its effect on removing the interference of the excitation magnetic
field signal, and the simulation results are shown in Fig. 4. Fig. 4a and 4b are the magnetic field
with and without the blue coil, respectively. The results show that when the blue coil is installed at
the centre of the coil (0, 0), the magnetic field strength is significantly smaller and the magnetic
flux density arrows at the point away from the centre of the coil remain almost unchanged. For the
case without the blue coil, as shown in Fig. 4b, the magnetic field strength at the centre of the coil
(0, 0) is very high. Next, we analyse the variation rule of magnetic flux intensity on the coil axis
and plot the results in Fig. 4c. It can be found that there is a zero flux point in the magnetic field
when using the blue coil to remove the excitation magnetic field. As the distance from the centre
of the coil increases, the magnitude of the magnetic field strength produced by the two sets of

(a) Magnetic field loop with the blue coil (b) Magnetic field loop without the blue coil

(c) Z-axis magnetic field strength (Bz )

Fig. 4. Simulation results of removing the primary magnetic field.
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simulation experiments gradually overlaps. Therefore, the results show that using the blue coil to
remove the excitation magnetic field not only provides a zero flux point for the detection probe but
also ensures that the excitation coil works well within the detection range.

3.2. Simulation analysis of the probe

3.2.1. Probe application simulation

We establish a simulation model for defect detection in pipelines with a cladding layer, and it
is shown in Fig. 5. Based on removing the excitation magnetic field simulation modelling, steel
pipe was added to the model.

Fig. 5. Diagram of the simulation model.

The geometric parameters of the pipe are set to a diameter of 300 mm, a wall thickness of
10 mm, and a length of 4000 mm, and steel was selected as the pipeline material . The geometrical
parameters of the cladding are set to a thickness of 200 mm, an inner diameter of 300 mm, and
a length, of 4000 mm. The geometric parameters of the air domain are set to a length of 5000 mm,
a width of 3000 mm, and a height of 2000 m. The axial direction of the pipeline is set to the x-axis,
the circumferential direction is set to the y-axis, and the radial direction is set to the z-axis. The
detection probe is arranged above the steel pipeline and close to the cladding. Harmonic excitation
currents are introduced through COMSOL’s circuit interface which is connected to the excitation
coil. To avoid edge effects, the starting and stopping positions of the detection probe are kept 500 mm
away from the end of the pipe. The detection probe moves along the x direction for defect detection.
The detection probe sequentially scans rectangular metal defects, blind hole defects at different
depths, and through holes in steel pipelines. The parameters of the defects are shown in Table 1.

Table 1. Defect parameters.

Rectangular defects Blind hole I Blind hole II Through-hole
Area (mm2) 2000 200π 200π 200π
Depth (mm) 2 4 6 8

3.2.2. Simulation Results

As shown in Fig. 6, the simulation results of pipeline defect detection show significant changes
in the magnetic field strength in the x- and z-directions. The most pronounced change in the
simulated signal for the pipeline weld is due to a larger defect area resulting in a larger change in
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the induced eddy currents in the pipeline, and thus a larger change in the induced magnetic field.
The simulated signals of the through-hole defect and blind-hole defects show that the conforming
magnetic field signal amplitude is affected by the defect depth. The depth of the defect causes
changes in induced eddy currents, which in turn leads to changes in the induced magnetic field.
The signal changes of weld seams and large areas of missing metal are more pronounced than
blind-hole and through-hole defects. The detection effect of the y-direction is relatively poor, and
it is analysed that the circumferential magnetic field of the pipeline is weak, and the damage signal
needs to be further extracted by combining the algorithm. In addition, the simulation analysis
results guide experimental testing.

Fig. 6. Simulation results.

4. Detection Probe Fabrication

4.1. Detection Probe Processing

As shown in Fig. 7, the probe is composed of four coaxial detection coils and two TMR
magnetic sensors. The detection coils are made up of copper enamelled wire and acrylic tubing,
and the size and number of turns of the detection coils are kept consistent with the simulation
model. Four detection coils are connected in series to ensure that the excitation field is in the
same phase. The excitation coil, Magnetic Focusing Coil 1, and Magnetic Focusing Coil 2 are

Fig. 7. Physical image of the detection probe and the differential compensation PCB base.
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wound with a left-hand direction enamelled wire. The coil that counteracts the excitation magnetic
field is wound with a right-hand direction enamelled wire, to achieve the goal of generating
a zero flux point at the axis of the coil. The probe receiving section is composed of two TMR
magnetic sensors, a printed circuit board (PCB) base, nylon nut studs, an acrylic bracket set, and
a height-adjustable nut. The surface of the zero flux PCB base is equipped with a zero flux TMR
magnetic sensor, and the bottom of the zero flux PCB base is fixed with an acrylic plastic bracket.
The acrylic plastic bracket is glued to the height adjustment nut which is connected to the probe
base plate height adjustment stud. By rotating the nut, the sensor can locate the zero magnetic flux
point on the axis of the detection coil. The bottom of the differential compensation PCB base is
fixed to the zero magnetic flux point PCB base surface with nylon nut bolts, and the surface of the
differential compensation PCB base is equipped with a compensating TMR magnetic sensor.

The capacitance and inductance of a coil are frequency-dependent, they can be described as
follows:

XL = 2π f L, (8)

XC =
1

2π f C
, (9)

where XL is the probe loop inductive reactance, XC is the compensating capacitive reactance and
f is the excitation frequency. The specific method of calculation is given elsewhere [25].

An impedance analyser was used to analyse the impedance of the series-connected detector
coils. The characteristic curves of frequency versus impedance and phase were obtained and
plotted in Fig. 8. The characteristic curve shows that the detection coil operates within 50.365 kHz.
According to (2), the excitation magnetic field strength is positively correlated with the magnitude
of the excitation current. The magnitude of the excitation current is the ratio of the voltage of the
excited power supply to the impedance of the detection coil, and can described as:

Z =
√

R + (XL − XC)
2, (10)

where Ris the loop resistance value. One can substitute the inductive reactance values of the
coil at different eigenfrequencies in the harmonic signal into (10) to determine the demanded
capacitance value. The high-frequency harmonic excitation currents cause large inductive reactance
in the detection coil, which makes the amplitude of the excitation current at different frequencies
inconsistent with the simulated current. Therefore, balancing the impedance of different frequencies

Fig. 8. Characteristic curves of probe coil impedance and phase.
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in the loop is achieved by connecting a capacitor in series with the detection coil loop. The
resistance of the detection coil was measured by a multimeter to be 10.961 Ω. The impedance of
the detection coil at the frequencies of 25 Hz, 300 Hz, 900 Hz, and 1.5 kHz in the characteristic
curve was selected, and the mean value of the coil inductance was found to be 13.7 mH by
combining (8), (9) and (10).

4.2. Differential compensation

The position accuracy of the zero-flux sensor is limited by using the helical pair, which leads
to a strong residual excitation field signal in the output signal of the zero-flux sensor. To solve the
problem of the residual excitation signal, the compensated magnetic field sensor and zero-flux
magnetic field sensor are arranged in an asymmetric structure, and the residual excitation signal is
removed with the differential method, as shown in (7).

A differential compensation amplifier circuit is designed for realising the differential compen-
sation of the two signals, which consists of a zero flux magnetic field sensor signal preprocessing
circuit, a compensation magnetic field sensor preprocessing circuit, a high pass filter circuit,
a reverse phase circuit, and a post differential gain circuit as shown in Fig. 9.

Fig. 9. Schematic diagram of the differential compensation amplifier circuit.

Since the output signal of TMR2309m is a differential signal, differential preprocessing of the
detection signal is required. This paper utilizes an AD8279 operational amplifier to process the
output signal of the zero-flux sensor, which uses a built-in resistor for twice-the-gain differential
amplification operation. The formula for the differential amplification output signal amplitude is
as follows:

VOUT = 2 × (V+IN − V−IN) (11)
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where V+IN1 and V−IN1 are the input zero flux sensor single-axis differential signals, respectively.
VOUT for the differential is two times the output zero flux sensor signal voltage. For the differential
compensation preamplifier circuit, we use an AD8421 operational amplifier with a variable resistor
(RG1) connected in series to the two RG pins of the amplifier . The differential compensation
output signal amplitude can be described as follows:

VOUT =

(
1 +

R1
RG1

)
× (V+IN − V−IN) + VREF (12)

where V+IN2 and V−IN2 are the input differential compensation sensor single-axis differential
signals, VOUT is the differential compensation sensor signal voltage output after the differential, R1
is the operational amplifier AD8421 internal fixed value and equals 9.9 KΩ. RG1 is a variable
resistor resistance, the value of RG1 is determined according to the amplitude of the signal output
from the zero-flux preamplification circuit. VREF is the reference voltage and equals 0V. Since
the output voltage of this circuit is (1+ R1/RG) times the sensor differential voltage, the output
voltage of the zero-flux preamplification circuit is subjected to two-stage gain to provide a margin
for compensation matching. The reverse amplification circuit consists of an operational amplifier
LM358 and two 10 KΩ resistors. Input signal amplitude inversion can be performed to achieve
matching of x and y-axis signal output directions between the two sensors. The RC high pass
filtering circuit can achieve a cut-off frequency of 11.3 Hz filtering while removing DC signals and
low-frequency interference signals in the circuit. The differential compensation post-amplification
circuit is composed of the same elements as the differential compensation pre-amplification circuit,
consisting of an operational amplifier AD8421 and a variable resistor (RG2). The input signals
V+IN3 and V−IN3 are the signals of the corresponding axes of the two sensors’ output processed by
the high pass filter. The amplification factor is controlled by the variable resistor RG2, which can
achieve a final circuit output of ±10 V.

5. Experiments

5.1. Experimental Setup

The experimental setup includes a harmonic excitation source, a high-speed acquisition card,
a detection probe, a positioning device, a steel pipeline, and a pipeline cladding, as shown in Fig. 10.
The output signal amplitude of the harmonic excitation power supply is 60V. The high-speed
acquisition card has a single channel of 18 kHz, and it can display and store the acquired data.
During the experiment, the probe was arranged directly above the cladding layer and scanned
slowly along the axis of the pipeline. After data collection, based on the principle of phase-locked
amplification [26, 27], we use MATLAB to process the stored experimental data and further
analyse the amplitude changes of defect signals.

Combining simulation results with factors such as the skin effect, comprehensive experiments
were conducted to detect extensive metal loss on the surface of the pipeline and welds. A D300 mm
#45 steel pipe was selected to carry out the pipeline defect detection experiment for different
thickness cladding, as shown in Fig. 11a. The cladding layer was formed by stacking multiple
cladding layers with a single layer thickness of 9 cm, as shown in Fig. 11b, and there were
gaps between the layers of the cladding layer for easy installation on the pipeline. To simulate
long-distance pipeline detection without removing the cladding layer, during the experiment, the
probe was driven to move along the top of the pipeline by pushing the short cladding layer. The
weld seam was formed by welding two pipe sections with a width of about 1.5 cm, as shown in
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Fig. 10. Experimental setup.

Fig. 11c. Different areas of metal thinning with a depth of about 1.5 mm were used as experimental
metal defects. The size of Metal Defect I was 5 cm× 5 cm, as shown in Fig. 11d. The size of Metal
Defect II is 10 cm × 10 cm, as shown in Fig. 11e. For the working conditions above, cladding
layers of 9 cm and 18 cm thickness were used for the experiments, respectively.

Fig. 11. Pipeline and defects in the experiment.

5.2. Experimental results

As shown in Fig. 12, the defect detection experiment is carried out on two steel pipelines, the
start position and end position of pipeline detection are selected to be more than 500 mm away
from the end of the pipeline, respectively, which is used to avoid the edge effect interfering with
the detection signal [28]. The previous simulation results have shown that the magnetic field signal
at the weld seam changed the most significantly. We first conduct weld seam detection on the
pipeline based on the differential compensation probe. We place the probe directly above Pipeline
1 for weld seam detection, with the starting and ending positions located 2000 mm on both sides
of the weld seam, and the thickness of the cladding layer is 27 cm. The weld seam detection is
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carried out along Region I, and the probe moves at a distance of 4000 mm. Secondly, we conduct
defect detection for type I Missing Metal in Pipeline 2, with defects located at the centre points of
Region II. The amplitude of the damage signal is small. There are two types of thicknesses for
the cladding layer: 9 cm and 18 cm. The probe moves at a distance of 2000 mm along Region II.
Finally, the defect detection for Type II Missing Metal in Region III was conducted, and the defects
are located at the centre points of Region III, and its length is 2000 mm. There are also two sizes
of cladding thickness: 9 cm and 18 cm. Due to the differential compensation amplification circuit
board achieving preliminary band-pass filtering of the detection signal, the phase-lock amplifier is
directly used to process the detected signal. 25 Hz, 300 Hz, 900 Hz, and 1.5 kHz are selected as
the reference signal frequencies respectively, and the amplitudes of the four demodulation signals
are superimposed.

Fig. 12. Schematic diagram of the location of pipeline defects.

Figure 13 shows the experimental results of weld seam detection for Pipeline 1 with a cladding
layer thickness of 27 cm. As shown in Fig. 13, the red-dashed box area corresponds to the position of
the weld seam, and it can be observed that there is a significant change in the magnetic field intensity
signal at the pipeline weld seam when the lifting distance is 27 cm. In the principle of the harmonic
magnetic field detection method, the induced eddy current passing through the weld causes
a change in the conduction path, resulting in a change in the amplitude of the induced magnetic
field, which in turn, is reflected in the amplitude change of the magnetic field detection signal
collected by the sensor. As the propagation range of the magnetic field increases with the lifting
distance [29], the width of the obtained signal change is much larger than the actual weld width.

Fig. 13. Experimental results of weld seam detection for Pipeline I with a cladding layer thickness of 27 cm.
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To further verify the effectiveness of the differential compensation probe in detecting defects
in pipelines without removing the cladding layer, we conducted defect detection on Missing Metal
I in Pipeline 2, and the detection results are shown in Fig. 14. In Fig. 14a, it can be seen that with
the cladding layer thickness of 9 cm, the amplitude of the three-axis magnetic field intensity signal
of the sensor shows significant changes at the defect location. To analyse the impact of the distance
between the inspection probe and the pipeline on defect detection results, we conducted tests on
a pipeline with a cladding thickness of 18 cm under identical experimental conditions, and the
results are shown in Fig. 14b. Compared with the situation where the cladding layer thickness was
9 cm in Fig. 14a, the detection signal amplitude decreased under the coating layer thickness of
18 cm. However, combined with the signal changes of the sensor’s three axes, the Missing Metal I
can be located. From Fig. 14, it can be seen that as the thickness of the cladding layer increases,
the detection sensitivity decreases. However, with the coating layer thickness of 18 cm, the defect
information of the pipeline can still be detected. The detection signal of the x and y axis turned
out to be a false alarm signal at 0.2 m, which was caused by the unsteady motion of the probe
combined with the analysis of the experimental process.

(a) 9 cm-thick cladding layer (b) 18 cm-thick cladding layer
Fig. 14. Detection results of Missing Metal I in Pipeline 2.

In addition, the Missing Metal II of Pipeline 2 shown in Fig. 12 was detected, and the results are
shown in Fig. 15. From the detection results, it can be seen that there are two peaks in the magnetic
field intensity signal of the defect area, which is caused by the wider actual size of Missing Metal
II. As shown in Fig. 15a, with the cladding layer thickness of 9 cm, the amplitude of the three-axis
signal of the sensor shows significant changes at the defect location. The signal-to-noise ratio
of the x-axis signal decreases relative to the y-axis and z-axis because the induced current field
formed on the pipeline surface has a larger impact range on the x-axis. As shown in Fig. 15b, with
the cladding layer thickness of 18 cm, there is a significant change in the detection of Missing
Metal II signal at the defect positions on the y-axis and z-axis, and the distance between the two
peak values of the signal increases. Similar to Fig. 15a, the signal-to-noise ratio of the x-axis
signal has decreased. As the lift increases, the change in defect position signal in the x-axis can be
inferred from the y-axis and z-axis signals.

To further verify the ability of the detection probe to detect circumferential defects in pipelines,
as shown in Fig. 16, it is arranged along the circumferential direction at different positions in
Pipeline 2 to conduct detection experiments on Missing Metal I at different angles. During the
detection process, the detection probe is placed on the pipeline cladding. Within the cross-section
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(a) 9 cm thick cladding layer (b) 18 cm thick cladding layer
Fig. 15. Missing Metal II detection results for Pipeline 2.

of the pipeline where the defect centre is located, it is assumed that the line connecting the defect
centre and the pipeline centre is the defect orientation line, and the line connecting the probe and
the pipeline centre is the detection orientation line. As shown in Fig. 16, the angles between the
detection orientation line and the defect orientation line are 22.5◦, 45◦, 67.5◦ and 90◦, respectively.
The experimental steps are the same as the Missing Metal I detection steps for Pipeline 2 with
a cladding layer thickness of 18 cm.

Fig. 16. Schematic diagram of the probe arrangement.

Figure 17 shows the defect detection results when the detection probes are distributed in the
circumferential direction of the pipeline. With the weakening of the pipeline damage signal, the
detection signal in the single-axis direction easily has alarm signals, and the detection signal
analysis is carried out with the method of multi-axial signal comparison. When the angle between
the detection orientation line and the defect orientation line is 22.5◦ and 45◦, the detection results
of the y-axis and z-axis can accurately locate the missing metal defect. Despite interference signals
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caused by probe jitter, the detection results of the x-axis can still locate defects. When the angle
is 67.5◦, due to the increase in angle, the detection results of the x and z axes are affected by
interference signals. However, the detection results of the y-axis can locate the position of the
missing metal. When the angle continues to increase to 90◦, it is difficult to locate metal defects in
all three axial detection results. The experimental results indicate that the induced eddy currents
are more concentrated below the detection probe, and the available detection area is approximately
within ±60◦ between the detection orientation line and the defect orientation line.

(a) 22.5◦ arrangement (b) 45◦ arrangement

(c) 67.5◦ arrangement (d) 90◦ arrangement

Fig. 17. Pipeline defect detection results under inclined angle conditions.

6. Conclusion

In conclusion, this work proposes a differential compensation probe for detecting steel pipelines
without removing the cladding layer. The structural design of the differential compensation sensor
is implemented, and the detection probe is composed of an excitation coil, a magnetic focusing
coil group, a counter-excitation magnetic field coil, and two TMR magnetic sensors. The excitation
coil and magnetic focusing coil generate and enhance the harmonic magnetic field used to excite

17

https://doi.org/10.24425/mms.2025.152775


X. WANG et al.: DETECTION OF STEEL PIPELINE WITHOUT REMOVING CLADDING BASED ON . . .

steel pipes, and the coil that counteracts the excitation magnetic field at the centre point of the
excitation coil facilitates the collection of induced magnetic field signals by TMR magnetic
sensors. The TMR magnetic sensor signals are arranged in a biased manner to further eliminate
the excitation magnetic field. The working principle of the probe was analysed using finite element
simulation, and the feasibility of using a differential distribution probe was verified. At the same
time, we set up a pipeline detection experimental platform to verify the effectiveness of differential
compensation probes in detecting defects in steel pipelines without removing the cladding layer.
The experimental results show that the detection probe proposed in this work is very sensitive to
the characteristics of pipeline defects. It can effectively remove the excitation magnetic field signal
from the detection signal, avoiding magnetic saturation in TMR magnetic sensors. In addition, the
combination of differential amplification compensation circuit further removes the interference of
coupled excitation magnetic field and environmental magnetic field. The harmonic magnetic field
detection method based on a differential compensation probe provides a new approach for defect
detection in pipelines without removing the coating layer. It has broad application prospects in the
detection of pressure pipelines and pressure vessels with cladding layers.
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