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Abstract—Magnetic flux leakage (MFL) detection methods 
are widely used to detect pipeline defects. However, it is 
limited by the detection orientation and magnetization. 
Besides, bulky excitation systems are incapable of adapting to 
the complex detection environments. This paper proposes a 
new Electromagnetic Structured Coupling sensing of merging 
Alternating Current Field Measurement (ACFM) and MFL 
within a multi-parameter system for different types of pipeline 
defects detection. In particular, a novel electromagnetic 
coupling sensor structure is proposed which enables 
simultaneous interaction between the excitation modes of 
Yoke and coil. Magnetic Yoke is integrated to magnetizing the 
axial pipeline to detect the circumferential surface and 
subsurface defects while the coil excites the circumferential 
uniform alternating current field and recognizes the axial 
defect. The novel structured sensing is highly sensitivity to the 
detection of both surface and subsurface defects. Simulation 
and experiments on defects in several samples have been 
conducted to validate the reliability and efficiency of the 
proposed system. 

Index Terms—Pipeline defects, Magnetic Flux Leakage 
(MFL), Alternating Current Field Measurement (ACFM), 
multiphysics sensing. 

I. INTRODUCTION 

The integrity assessment of pipelines has commanded 
significant attention in the oil and gas industry. However, 
in the service pipeline, structural damage, corrosion and 
geometric discontinuity in a harsh environment will affect 
the transportation performance and safety [1-2]. Fuel 
leakage in the pipeline may cause badly damage to the 
environment, resulting in explosion, fire and even injuries 
of pipeline network. In particular, the detection and 
quantification of different defects exist challenging of 
Nondestructive testing (NDT) in pipeline integrity 
diagnosis [3-5]. Among the NDT methods, magnetic flux 
leakage (MFL) testing is invariably used for pipeline crack 
detection. However, the limitations of MFL are 
insensitivity to crack parallel to the magnetization direction 
while subsurface defects are difficult to be distinguished 
due to the ambiguity of signal to noise ratio (SNR).  

Besides MFL, other NDT techniques including Magnetic 
Particle Testing (MT), Penetration Testing (PT), 
Alternating Current Field Measurement (ACFM), Eddy 
Current Thermography (ECT), Ultrasonic Testing (UT), 
and Electromagnetic Acoustic Transducer (EMAT). MT is 
effective in detecting surface and near-surface flaws. 
However, due to the complex process, the detection 
efficiency is relatively low [6-7]. PT has the advantages of 
visually capturing the defects in complex structured 
specimens [8]. However, internal damages cannot be 
identified. ACFM can be used in quantitative evaluation of 
both length and depth of surface cracks while it has the 
capability of non-contact and rapid inspection [9-10]. ECT 
has been applied to structural health detection because of 
its high resolution, non-contact, controllability, and 
intuitiveness. Unfortunately, ECT system remains difficult 

to be applied for the subsurface defects of pipe [11-12]. UT 
has a high sensitivity for detecting deep crack because of 
the strong penetrability. However, it requires the coupling 
agent between the probe and the specimen [13]. The 
strength of EMAT can be used to detect inner flaws in non-
contact with no coupling. However, the requirements of 
decent transducer energy ratio and SNR remain as 
limitations [14]. 

The single NDT method has limitation to detect multiple 
types of defects [15-17]. To mitigate these problems, the 
detectability and sensitivity can be significantly improved 
through the complementary strength of different sensing 
mechanisms. Many researches on hybrid testing have been 
carried out. Li et al. [18] proposed a structure of magnetic 
sensors array based on ACFM probe, which is adequate to 
detect defects with narrow string flaws of ferrimagnetic 
materials. Guo et al. [19] presented a novel physics 
perspective fusion of EMAT and eddy current testing (EC) 
which is capable of inspecting near-surface and internal 
defects of ferromagnetic and non-ferromagnetic material. 
Bang et al. [20] proposed a new guided wave testing 
technology for pipeline defect detection. It has high energy 
conversion ratio it is limited to small-diameter pipelines 
inspection. Li et al. [21] designed a novel multi-physics 
structured eddy current and thermography system for 
moving object inspection to ameliorate the influence of the 
surface emissivity and impurities. Zhang et al. [22] 
presented a three-phase currents probe, which can induce 
the rotated eddy current field in the material. For gathering 
high detection sensitivity with different orientations as well. 
Gotoh et al. [23] used an AC magnetic flux leakage to 
detect internal and external defects. At the same time, it can 
identify the number of defects to a certain extent. 
Toharaand et al. [24] proposed an excitation method which 
used square wave alternating magnetic based on DC bias, 
the internal and external defects of steel pipe can be 
detected. Liu et al. [25] illustrated a weak magnetic flux 
leakage inspection method to detect both inner and outer 
crack of pipeline. Gao et al. [26] suggested a sensing 
structure that combined MFL and ECT, which were used to 
evaluate and visualize artificial crack. Daryabor et al. [27] 
investigated the fusion of UT and ECT physical structure 
applied to detect the patches and bonding of aluminum 
plate. Besides, image fusion is used to improve the 
accuracy and reliability of detection results. Chen et al. [28] 
presented a high-sensitivity double-layer different planar 
probe to detect different types of surface defects under high 
lift-off, however, it fails to detect sub-surface defects. Sun 
et al. [29] presented a novel inspection method under axial 
magnetization, which is applied for detecting omni-
directional defects. Xiao et al. [30] proposed a method to 
distinguish the inner and outer wall defects of pipeline by 
using the characteristics of pulse remote field eddy current 
signal due to it is fixed detection rather than mobile 
detection, the detection efficiency is limited. Pham et al. 
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[31] developed a novel device based on a planar hall 
magnetoresistance sensor which has high-sensitivity to 
shallow defects at inner and outer pipe wall. Tehranchi et 
al. [32] introduced a double-core giant magneto-impedance 
sensor to improve the quantification ability of surface 
defects. Deif S et al. [33] presented a Chipless radio 
frequency identification (RFID) technique for out-of-sight 
pipeline monitoring structure, which can detect and 
monitor the frequency characteristics of defects caused by 
water inflow under the pipeline coating, evaluating the 
pipeline corrosion. Piao et al. [34] developed a new high-
speed probe that fusing MFL and EC method since it has a 
detection capability for near-surface flaws at high speed. In 
particular, circumferential defects, internal flaws, and 
complex excitation structure have always been difficult for 
pipeline detection. 

This paper proposed a new rectangular-shaped ferrite 
magnetic excitation structure of coupling electromagnetic 
sensing to enhance the detectability. In this model, uniform 
eddy current field and primary magnetic flux field can be 
induced and gathered simultaneously in the region of 
interest (ROI) [35]. The magnetization of the specimen is 
increased, and the space size of the excitation structure is 
reduced. Compared with the traditional methods, the 
proposed model uses alternating excitation which shares 
the same sensing structure as well as integrating highly 
sensitive tunneling magneto-resistance (TMR) sensors for 
measuring magnetic signal as the receiver. This mode will 
not only maintain the sensitivity of surface defects 
detection, but also enable to detect deeper defects more 
effectively due to the MFL. It also increases strengthen the 
detection capability of different types of defects. A novel 
diagnostic system that physically integrates ACFM with 
MFL sensing mechanism is proposed. The detection 
capability of the proposed method has been demonstrated 
through simulations and real experiments. 

The rest section of this paper is arranged as follows: 
Section 2 introduces the theoretical analysis of the 
proposed electromagnetic coupling methods. Section3 
implements the 3-dimensional numerical simulation. 
Section 4 carried out experimental verification by the 
proposed sensing structure. Conclusion and the future 
works are presented in Section 5.  

I.   METHODOLOGY 

A. Configuration of the proposed electromagnetic 
coupling sensor structure 

A novel electromagnetic diagnostic system that 
physically integrates ACFM with Alternating Current 
Magnetic flux leakage (AC-MFL) sensing structure is 
shown in Fig. 1. Based on signal generator, a high-
frequency sinusoidal signal is enlarged by a power 
amplifier. This drives the rectangular-shaped ferrite 
magnetic yoke to generate a strong axial magnetic flux field 
and induce a uniform circumferential alternating current 
field in the tested sample. The specific sensing structure is 
shown in Fig. 1. The copper coil is evenly wound in the 
middle of the rectangular-shaped yoke, and the TMR 
magnetic sensors are located in the middle of the yoke. 
These can be directly used to detect signals. The traditional 
U-type probe only uses magnetic yoke poles to excite 
sample whereas ignoring the importance of the excitation 
coil. A novel electromagnetic coupling sensor structure is 

proposed. It makes both excitation modes of pole and coil 
conduct an interaction simultaneously. This will improve 
the magnetization strength as well as reducing the geometry 
space of the excitation probe. 

 
Fig. 1 Schematic diagram which shows the integration of ACFM with 

AC-MFL sensing structure. 
According to Faraday's law, when a sinusoidal excitation 

is applied to the coil, a corresponding alternating magnetic 
field will be generated. When defects exist on the surface 
or subsurface of the ferromagnetic materials, the magnetic 
permeability and electrical conductivity of the crack will 
affect the intensity and distribution of the uniform 
alternating current field and the leakage magnetic field. By 
detecting the change of the magnetic intensity, it is used to 
horizontal and vertical defect detection. On the one hand, 
the alternating magnetization field is perpendicular to the 
surface defect, AC-MFL can be significantly effective for 
detecting surface discontinuity of the metal material. On the 
other hand, the alternating electromagnetic field is parallel 
to the defect direction, ACFM dominates detection role. 
Considering the skin effect, the ACFM technique is invalid 
for sub-surface defect since it increases the saturation 
magnetization depth. Thus, this improves the detectability 
of subsurface defects due to the large magnetoresistance at 
the defective region. Both detectability advantages of AC-
MFL and ACFM technique can be handled. In particular, 
the magnetic lines will flow toward the upper part of the 
defect, and around the defect while leakage magnetic flux 
will appear on the surface of the sample. Finally, high 
sensitivity TMR magnetic sensor is used to capture leakage 
flux signal. The detection capability of both electric field 
and magnetic field can be fused based on the principle of 
physics coupling sensing mechanism. 

B. Mathematical models of the proposed sensor structure 

Through the analysis of excitation structure, the 
magnetic circuit generated by coil excitation is divided into 
four paths (Fig. 2). Firstly, the magnetic flux of Path2 and 
Path4 is required to traverse the specimen and then form a 
closed magnetic circuit. They are indicated by green and 
red dotted line, respectively. The average length of 
magnetic path within Path2 and Path 4 is 𝑙2  and 𝑙4  , 
respectively. The difference can be drawn that the magnetic 
flux of Path 2 generated by the coil directly flows into the 
sample. The magnetic flux of Path 4 is generated by the 
yoke, and it enters the sample through the gap between the 
pole and the sample. Secondly, Path 1 and Path 3 conduct 
the magnetic flux leakage by coil flow into the air while 
these are represented as blue and purple dotted loop, 
respectively. The flux path of the blue dotted loop is 
denoted as 𝑙1, and purple dotted loop is 𝑙3.  
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Fig. 2 The magnetic path between the proposed probe and sample. 
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Fig. 3 Model of equivalent circuit. 

In Fig. 3, according to Ohm’s law in magnetic flux 
circuits [36], the magnetic flux 𝛷 is inversely proportional 
to the magnetoresistance 𝑅 , and the product of them is 
magnetomotive force 𝐹. 

               𝐹 = 𝑁𝐼 = 𝛷𝑅                (1)                                

where 𝐼 presents as excitation current of the coil, and 𝑁 
denoted as the turns of the coil. 

   𝑅𝑝1 = 𝑅𝑎𝑖𝑟1 =
𝑙1

𝜇0𝐴𝑎𝑖𝑟1
               (2)                          

𝑅𝑝2 = 𝑅𝑎𝑖𝑟2 + 𝑅𝑠𝑎𝑚𝑝𝑙𝑒1 =
𝑙2

𝜇0𝐴𝑎𝑖𝑟1𝑔𝑎𝑝
+ 𝑙2′

𝜇𝑠𝑎𝑚𝑝𝑙𝑒𝐴𝑠𝑎𝑚𝑝𝑙𝑒1
  (3)                

𝑅𝑝3 = 𝑅𝑐𝑜𝑟𝑒1 + 𝑅𝑎𝑖𝑟3 =
2𝑙3

𝜇𝑐𝑜𝑟𝑒𝐴𝑐𝑜𝑟𝑒1
+ 𝑙3′

𝜇𝑎𝑖𝑟𝐴𝑎𝑖𝑟3
         (4)                   

𝑅𝑝4 = 𝑅𝑐𝑜𝑟𝑒2 + 𝑅𝑔𝑎𝑝 + 𝑅𝑠𝑎𝑚𝑝𝑙𝑒2 =
2𝑙4

𝜇𝑐𝑜𝑟𝑒𝐴𝑐𝑜𝑟𝑒2
+

𝑙𝑔𝑎𝑝
𝜇0𝐴𝑔𝑎𝑝

+
𝑙4′

𝜇𝑠𝑎𝑚𝑝𝑙𝑒𝐴𝑠𝑎𝑚𝑝𝑙𝑒2
                                  (5) 

where 𝜇0, 𝜇𝑐𝑜𝑟𝑒, and 𝜇𝑠𝑎𝑚𝑝𝑙𝑒  are permeability of the air, 
magnetic yoke and sample, respectively, 𝐴𝑎𝑖𝑟1 , 𝐴𝑎𝑖𝑟2 , 
𝐴𝑠𝑎𝑚𝑝𝑙𝑒1 , 𝐴𝑎𝑖𝑟3 , 𝐴𝑐𝑜𝑟𝑒1 , 𝐴𝑐𝑜𝑟𝑒2 , 𝐴𝑔𝑎𝑝  and 𝐴𝑠𝑎𝑚𝑝𝑙𝑒2  are 
the cross sectional area of the air in the Path1, the air, the 
sample in the Path2, the air, the core in the Path3, the core, 
the gap, the sample in the Path4, respectively. 

For ferromagnetic material, due to high permeability, 
𝜇𝑐𝑜𝑟𝑒 > 𝜇𝑠𝑎𝑚𝑝𝑙𝑒 ≫ 𝜇𝑎𝑖𝑟, the flux leakage in the air is small. 
Most flux is flowing into the sample, and forming a closed 
magnetic loop to magnetize sample. For non-ferromagnetic 
material, due to 𝜇𝑐𝑜𝑟𝑒 > 𝜇𝑠𝑎𝑚𝑝𝑙𝑒 ≈ 𝜇𝑎𝑖𝑟, the magnetic flux 
which flow into Path1 and Path 3 is large. In particular, the 
shorter the path, the greater the magnetic flux as this is 
independent of sample parameter.  

C. Mathematical model of electromagnetic detection 

By using the magnetic flux analysis, multi-physics 
technique can now be integrated into the defect detection 
and applications. The distribution of magnetic flux is 
mainly affected by the permeability of sample, and the eddy 
current disturbance is mainly influenced by the 
discontinuous conductivity of the sample. Although the 
excitation mode of AC-MFL and MFL are identical, the 
detection mechanism is different. 

1)  Mathematical model of electromagnetic induction  

ACFM detection method is mainly based on the principle 
of electromagnetic induction [37]. The excitation system of 
the probe can be composed of coil or yoke, and the purpose 
is to excite uniform current field. As surface defects exist, 
the induced current cannot pass through the defect due to 
the large electrical resistivity of the defect. Thus, it will 
flow from the end and the bottom of the defect. According 
to Maxwell’s Eq (1) and (2), if the alternating current field 
is perpendicular to the defect, the disturbance is most 
significant where a corresponding distorted magnetic field 
will be produced. The magnetic sensor between two pole 
shoes can detect the vertical and horizontal magnetic flux 
components, as shown in the Fig. 4. To calculate the 
disturbance of electromagnetic field caused by defects 
conveniently, magnetic vector potential 𝐴

→
 is introduced, as 

shown in Eq. (6). According to the principle of 
electromagnetic induction, the magnetic vector potential 𝐴

→
 

satisfy Laplace law (7). There are defects on the surface of 
the specimen, magnetic vector potential 𝐴

→
meets the Eq. (8). 

               𝐵
→
= 𝛻 × 𝐴

→
                   (6)                          

          𝜕
2𝐴
→

𝜕𝑋2
+ 𝜕2𝐴

→

𝜕𝑌2
+ 𝑘𝜇0

𝜇
𝜕𝐴
→

𝜕𝑍
= 0         𝑧 = 0      (7)                    

where 𝐵
→
  is the magnetic induction density, 𝐴

→
  is the 

magnetic vector potential, 𝜇0  is the air permeability, 𝜇 
refers to the permeability of the material, among |𝑘| = √2𝑖

𝛿2
, 

and 𝛿 indicted the skin depth of test piece 𝛿 = √ 2

𝜇𝜎𝜔
. 

 𝜕
2𝐴
→

𝜕𝑋2
+ 𝜕2𝐴

→

𝜕𝑌2
+ 𝑘𝜇0

𝜇
𝜕𝐴
→

𝜕𝑧
= (2 + 𝑐𝑘𝜇0

𝜇
) 𝜕

2𝐴
→

𝜕𝑍2
𝛿(𝑌)      𝑧 = 0   (8)                              

The boundary conditions of the surface magnetic field Z 
are distinct for different materials, for ferromagnetic 
materials, 𝜇 ≫ 𝜇0,  𝜇0𝜇 ≈ 0, Eq. (9) is derived from the Eq. (8), 
and for non-ferromagnetic materials, 𝜇 ≈ 𝜇0, 𝜇0𝜇 → ∞, Eq. (10) 
is derived from the Eq. (8).  

  𝜕
2𝐴
→

𝜕𝑋2
+ 𝜕2𝐴

→

𝜕𝑌2
= 2 𝜕

2𝐴
→

𝜕𝑍2
𝛿(𝑌)            𝑧 = 0         (9)                                    

  𝑘𝜇0
𝜇

𝜕𝐴
→

𝜕𝑧
= (2 + 𝑐𝑘𝜇0

𝜇
) 𝜕

2𝐴
→

𝜕𝑍2
𝛿(𝑌)     𝑧 = 0        (10)                                 

Clockwise flow gives 

Bz trough

Anti-clockwise flow gives 

Bz peak

 Bx trough

Uniform eddy current 

field

 
Fig. 4 ACFM principle around a crack. 

2) Multiphysics coupling detection method  

On the basis of ACFM detection, the coupling sensing of 
AC-MFL is further proposed to realize the combination of 
multiple detection methods. The essence of the AC-MFL 
detection method is the discontinuity of the material, and 
“squeezed” out the magnetic flux into the air [38]. Due to 
the saturation of the magnetic field on the surface of the 
specimen, when the surface defects are detected, on the 
basis of Eq. (11) and (12), the disturbed secondary 
alternating magnetic field 𝐵𝑑𝑖𝑠   and a small amount 
magnetic flux 𝐵𝑀𝐹𝐿  will be produced concurrently, which 
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are the ACFM and AC-MFL respectively. In particular, the 
AC-MFL has the same principle for subsurface defect 
detection, the compressed curved magnetic field lines will 
squeeze to the surface of the specimen. The leakage flux 
“squeezed” out of the subsurface defect is relatively weak, 
and therefore high sensitivity and low hysteresis TMR2701 
sensor is used for weak magnetic signal measurement. The 
BH curve of ferromagnetic materials is not only non-linear 
but also a non-single value function. In addition, according 
to Eq. (13) and (14), magnetic intensity H and magnetic 
induction density B cannot be uniquely determined. It is not 
only related to the H at that time, but also influenced by the 
previous magnetization state (History). 
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B(T)

B-H

H�P��
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Fig. 5 𝐵 −𝐻 and 𝜇 − 𝐻 curve. 

             𝐵𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 𝐵𝑑𝑖𝑠 + 𝐵𝑀𝐹𝐿           (11)                       

            𝐵𝑠𝑢𝑏−𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 𝐵𝑀𝐹𝐿′           (12)                        

where 𝐵𝑑𝑖𝑠  and 𝐵𝑀𝐹𝐿  are secondary disturbed magnetic 
field and magnetic flux leakage produced by surface defect, 
respectively. 𝐵𝑠𝑢𝑟𝑓𝑎𝑐𝑒   refers to the magnetic sensor 
detection signal, 𝐵𝑀𝐹𝐿′ is magnetic flux leakage produced 
by sub-surface defect.  

               𝐵 = 𝜇0(𝐻 +𝑀)              (13)                         

                  𝜇 = 𝑓(𝐻)                (14)                        

where 𝜇0  is the air permeability, a constant, 𝑀  is the 
strength of magnetization, 𝐻 refers to the magnetic field 
intensity. 

According to Fig. 5, when the magnetic field intensity H 
of ferromagnetic material reaches to the saturation state 
𝐻𝑚𝑎𝑥 , the permeability of the specimen the different 𝜇 
reaches to different region, 𝜇𝑠𝑎𝑚𝑝𝑙𝑒 ≫ 𝜇1 ≥ 𝜇2 ≥ 𝜇3 . 
There will improve penetrating capability of initial 
magnetic field. At this time, the penetration formula does 
not apply to the penetration situation under the 
magnetization state, and the existing subsurface defects 
hinder the magnetic flux lines flow. It squeezes out of the 
positive side of the specimens while magnetic leakage field 
𝐵𝑚𝑓𝑙  can be shown in Fig. 2. 

III. SIMULATION AND ANALYSIS 

To verify the feasibility of the proposed electromagnetic 
coupling mechanism, several numerical simulation 
experiments are carried out by using COMSOL 
Multiphysics 5.5a platform. The geometric sketch of the 
model is shown in the Fig. 6 (a) - (b), which is top view and 
side view, respectively. The geometric model is mainly 
composed of copper, Mn-Zn ferrite core and sample, 
respectively. The physical properties and geometric 
parameters of the material are listed in Table I and Table II, 
respectively, the distance (lift-off) between the excitation 
structure and the specimen surface is 1mm. In the 
experiments, considering the nonlinearity of sample, it is 
necessary to set up BH curve of the material. In addition, 
the physical field of sample is set to the effective BH curve. 

The study is set to the frequency domain analysis, the 
number of turns of the coil are 120, the excitation voltage 
is 16V and the frequency is 4kHz. 
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(a) Top view.               (b) Side view. 

Fig. 6 Geometric sketch of the proposed structure model. 
Table I Parameter of simulation model. 

Parameters Driver coil Magnetic yoke sample 

Conductivity 5.99e7 1e-12 5.5e6 

Relative permeability 
Turns 

1 
120 

4000 
× 

190 
× 

Fig. 7 illustrates space diagram with the defect scanning 
process. Due to the particularity of the excitation structure, 
it is geometrically symmetrical and has strong magnetic 
gathering ability. As a result, both uniform current field and 
magnetic flux field will be produced on the specimen. 

Table II Test piece parameters 

Parameters Length 

(mm) 
Width 

(mm) 
Depth 

(mm) 
Angle 

(°) 
45#steel sample 700 400 10 × 

The different 
angle defect 

Surface  10 2 4 90 

Surface  10 2 4 45 

Surface  10 2 4 0 

The different 
depth defect 

Surface  10 2 4 90 

Sub-
surface  

10 2 2 90 

As shown in Fig. 8. In contrast to defect and non-defect 
regions, it demonstrates the different induction current 
distribution and the magnetic flux distribution. The defect 
detection results are obtained by changing flux density and 
current density. 

 
Fig. 7 Space diagram with the defect scanning direction. 
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Fig. 8 Distribution of current field and magnetic flux field. 

The proposed magnetic flux circuit model is mainly 
applied to describe the magnetic flux distribution. Through 
the analysis of magnetic circuit, the fusion ability of 
magnetic flux leakage detection and AC electromagnetic 
field detection can be improved. The specific 
magnetoresistance and flux parameters are approximated in 
finite element analysis. The parameters are shown in the 



Table III. 
Table III Magnetoresistance and flux parameters approximation 

  (uWb) 𝑅 (H) 

 1  2  3  4 𝑅𝑠𝑎𝑚𝑝𝑙𝑒 𝑅𝑐𝑜𝑟𝑒 𝑅𝑎𝑖𝑟 
13.5 58.1 84.5 129 0.92 0.47 1870 

Note: 𝑅𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑅𝑠𝑎𝑚𝑝𝑙𝑒1 + 𝑅𝑠𝑎𝑚𝑝𝑙𝑒2; 
𝑅𝑎𝑖𝑟 = 𝑅𝑎𝑖𝑟1 + 𝑅𝑎𝑖𝑟2 + 𝑅𝑎𝑖𝑟3 

The optimal position of the magnetic sensor is 
determined according to the maximum disturbance of the 
detectable defect. Once it is located in the center of yoke, 
the transformation of the electromagnetic disturbance field 
is the largest, which can be verified by simulation. The 
simulation results can be shown in Fig. 9. 

 
Fig. 9 Relationship between magnetic sensor position and current density 

and magnetic flux density distribution 

a) Mechanism analysis of different angle defect detection 

In analyzing the electromagnetic coupling mechanism of 
ACFM and AC-MFL technique, it is observed that in 
accordance to the characteristics of ACFM inspection, 
when the alternating current field is perpendicular to the 
defect direction, the disturbance of current field is the 
largest, and the signal can be detected with high SNR. The 
detection characteristic of the AC-MFL is that when the 
magnetization direction is perpendicular to the defect, the 
magnetic flux leakage above the defect is the largest as the 
signal is easily captured. Using the orthogonal 
characteristic of magnetic flux leakage field and AC 
electric field, the defects with different angles can be 
detected. 

The simulation is implemented to study defect detection 
of different angles. The length, width and height of defects 
are10mm, 2mm, 4mm, respectively. The inclination angles 
are 90 °, 45 ° and 0 °, respectively. Due to the magnetic 
induction B, it includes not only ACFM signal, but also AC-
MFL signal. Therefore, we evaluate the detection ability of 
the fusion of the two detection methods by observing the 
changes of magnetic field disturbance caused by defects 
from different angles. The simulation results are shown in 
Fig. 10 (a) - (b), and the sensitivity of defect detection from 
different angles is as high as 0.85. This is verifying the 
reliability of the proposed method. 

  

  

Fig. 10 Different surface defect angle detection(a) Bx. (b) Bz. Subsurface 
and surface defect detection (c) Bx. (d) Bz. 

b) Analysis of detection mechanism of surface and 
subsurface defects 

In order to further verify the detection ability of the 
proposed sensor structure, simulated experiment is carried 
out on the subsurface defect detection of sample. This is 
mainly based on the AC-MFL detection mechanism. 
According to the proposed theoretical method, when a 
probe passes over subsurface defect through the 
magnetization of the specimen, the surface of specimen 
squeezed out a small amount of leakage flux which can be 
captured. In the simulated experiment, surface and 
subsurface defects simultaneously exist on the sample, and 
the defect is perpendicular to the magnetization field. The 
simulation results are shown in Fig. 10 (c)-(d). The 
characteristics of subsurface and surface defect signals are 
just opposite to each other. The surface defect signal 
corresponds to the peak value, and the subsurface defect 
corresponds to the valley value. In particular, the 
disturbance signal generated by the subsurface defect is 
mainly caused by magnetic flux leakage. Since that ACFM 
is limited by the skin depth, and the penetration ability of 
current field will also be limited. The interference magnetic 
field produced by surface defects is influenced by both AC-
MFL and ACFM simultaneously. 

IV. EXPERIMENTAL SET-UP AND VALIDATION 

To validate the feasibility of the proposed model and 
detection structure, the proposed physics coupling sensing 
system is implemented. The experimental studies and 
results are analyzed in detail.  

a)  Experiment platform set up 

The developed experimental platform is shown in Fig. 11. 
The probe structure is composed of a magnetic yoke, AC 
coils, TMR sensors, and detection circuit. All components 
are packaged in a self-designed carbon brazing device. The 
excitation system is mainly consisted of AFG3051C signal 
generator and DPA-1698 instrument amplifier. The power 
structure is composed of a X-Y-Z workbench and an 
auxiliary power while the moving worktable can be used to 
control the probe to scan at a constant speed. The 
acquisition device is comprised of NI USB-6366 DAQ card 
and laptop, which is used to collect and process data.  

The detection circuit is composed of high sensitivity 
magnetic sensors and AD620 operational amplifier circuit. 
The selected magnetic sensor has advantages of high 
sensitivity and small hysteresis, which is used to pick up 
the disturbed magnetic signal caused by defects. The 
hysteresis level of the magnetic sensor is 23.6A/m under 
the range fitting of ±1194.3A/m linear region. Considering 
that the disturbance signal ratio is weak, the amplification 
filter circuit is designed to process the collected signal, and 
the entire conditioning circuit is integrated. 

 
Fig. 11 Experimental system.               



b) Description of tested Samples 

The photographs of the isotropic samples are shown in 
Fig. 12. There are surface defects on the specimen (a)-(b). 
Fig. 12 (a) includes notches with different angles from 15° 
to 75°. They are identical lengths, widths and depths, with 
different depths from 1mm to 6mm of identical lengths, 
widths and angles, with different widths from 1mm to 6mm 

of identical lengths, angles and depths. Fig. 12 (c) presents 
four types of surface defects in the specimen with a 
thickness of 10mm. They are different angles, diameters, 
depths, widths, respectively. Fig. 12 (e) presents subsurface 
and different surface defects with different depths of 
identical lengths, widths and angles. 
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(a) Surface artificial defects of 

aluminum sample 
(b) Detection direction (c) Surface artificial defects of 45# 

steel sample 1 
(d) Detection direction 

5mm 4mm 3mm

2mm 1mm

10mm
    

(e) Sub-surface and surface artificial 
defects of 45# steel sample 2 

(f) Natural corrosion tank of X80 
steel of pipe 

(g) Natural corrosion pit of X80 
steel of pipe 

(h) Detection direction 

Fig. 12 Description of specimens with artificial and natural defects.                                                      
c) Results Analysis 

The experimental parameter settings are described as 
follow: (1) In all experiments, the coil of excitation 
parameters is set to 8Vpp, 4kHz and the power amplifier is 
used to drive the probe. the number of coil turns is 120, and 
the wire diameter of coil is 0.20mm. (2) The distance of the 
proposed probe and samples is 2mm. (3) The scanning 
speed of the proposed probe is 20mm/s. (4) The sample rate 
of the NI-6226 data acquisition card is set to 40kHz. 

In order to quantitatively evaluate the defect detection 
capability of the proposed system, the size range of defects 
is analyzed by calculating the sensitivity parameter S, 
which can be expressed as follows: 

         𝑆 = |
𝑀𝑎𝑥(𝑉𝐷𝑒𝑓𝑒𝑐𝑡−𝑉(𝐷𝑒𝑓𝑒𝑐𝑡−𝑓𝑟𝑒𝑒))

𝑉(𝐷𝑒𝑓𝑒𝑐𝑡−𝑓𝑟𝑒𝑒)
|         (15) 

where 𝑉𝐷𝑒𝑓𝑒𝑐𝑡 and 𝑉(𝐷𝑒𝑓𝑒𝑐𝑡−𝑓𝑟𝑒𝑒) respectively represent 
the output value of the TMR sensor with and without 
defects, 𝑆 represents the sensitivity at the defect. 

Due to the bias and low signal-to-noise ratio of the 
original data, a Butterworth fourth-order band-pass filter is 
used to process the original data to improve the defect 
detection sensitivity and reduce the signal bias, the 
Butterworth bandpass filter is selected with cutoff 
frequency range (3.6-4.4kHz). Discrete-time analytic 
signal (AS) is used to extract the data envelope. The signal 
processing process is shown in the Fig. 13. 

The data frequency sampling is 40kHz, and the cutoff 
frequency is selected within the range of 3.6 to 4.4khz, the 
passband attenuation smaller than 3dB, and the attenuation 
at 3.4kHz and 4.6kHz is more than 18dB. The 4th order 
Butterworth bandpass filter has been designed for the above 
specification. The specific steps are described as follow: 
(1) Determining the indicators of the filter: upper cut-off 
frequency of passband, lower cut-off frequency of 
passband, upper cut-off frequency of stopband, lower 
cutoff frequency of stopband, maximum attenuation in 
passband and minimum attenuation in stopband. 
(2) Using ω = 2

T
tan (w/2) digital boundary of bandpass 

digital filter H(z). The boundary frequencies of bandpass 

analog filter H(s) are mainly passband cut-off frequencies 
wp   and wp2 ; Conversion of stopband cut-off 
frequencies ws   and ws2 . For the convenience of 
calculations, the bilinear transformation method is 
generally T = 2s. 
(3) Using the low-pass to band-pass frequency conversion 
formula λ = ((ω2) − (ω0 2))/B ∙ ω)  to convert the 
analog band-pass filter index to the analog low-pass filter 
index. 
(4) Designing the analog low-pass prototype filter. With the 
help of Butterworth filter design method, the transfer 
function Ha(s) of analog low-pass filter is obtained. 
(5) Calling lp2bp function to convert analog low-pass filter 
into analog band-pass filter. 
(6) The analog bandpass filter Ha(s) is transformed to a 
digital bandpass filter H(z)  by bilinear transformation 
method. 

The analytical signal corresponding to a real signal is 
obtained by the Discrete Fourier transform (DFT) and its 
inverse DFT, and then the envelope of the signal is obtained 
from the modulus of the signal. The main steps are as 
follows: 
(1) The DFT is performed on the filtered signal 𝑥(𝑛), the 
corresponding frequency domain signal 𝑋(𝑖) can be 
obtained, where 𝑛, 𝑖 ∈ {0, ,2, . . . , 𝑁 −  }; 
(2) The DFT of discrete-time AS of x(n) is defined as 

𝑌(𝑖) =

{
 
 

 
 

  𝑋(𝑖)        𝑓𝑜𝑟 𝑖 = 0                     
  2 ∙ 𝑋(𝑖)   𝑓𝑜𝑟 𝑖 =  ,2, … , 𝑁

2
−  

𝑋(𝑖)      𝑓𝑜𝑟 𝑖 = 𝑁
2
                     

       0        𝑓𝑜𝑟 𝑖 = 𝑁
2
+  ,… ,𝑁 −     

     (16) 

(3) The complex discrete-time AS 𝑦(𝑛) corresponding to 
𝑥(𝑛) is obtained by the inverse DFT of 𝑌(𝑖);  

(4) The modulus 𝑦(𝑛)  of the complex AS |𝑦(𝑛)| 
corresponds to envelope of discrete real signal 𝑥(𝑛). 
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Fig. 13 Signal processing process 

1) Detection results in aluminum sample 

The detection results of different types of defects in 
aluminum sample are analyzed by using the proposed 
detection system. Since the test specimen is non-
ferromagnetic material, the magnetic flux leakage will not 
occur at the defect region, while only ACFM detection 
takes the main role in detection. The moving direction of 
the probe is approximately parallel to the alternating 
electromagnetic field as this is perpendicular to the defect 
direction. The test results are shown in Fig. 14 (a) and (b), 
respectively. Firstly, all defects on the aluminum plate can 
be detected by the proposed excitation configuration. 
Secondly, when the scanning direction of the probe and the 
defect have an angle of 15°, the signal characteristics of Bx 
and Bz are obvious in which this is consistent with the 
signal characteristics of the ACFM detection mechanism. 
By analyzing the sensitivity of different types of defects in 
Table IV, it can be found that in the defect detection of non-
ferromagnetic materials, Bz changes significantly with the 
defect angle, and the minimum sensitivity is 0.47. Both Bx 
and Bz have rare effect on the change of defects at different 
depths. When the depth of the defect is 1mm, there is still a 
higher sensitivity of 0.77. 
2)  Detection results of defects in 45# steel sample  

The experimental parameters and the experimental 
environment are the same set as the test in aluminum plate. 
Since 45#steel sample is ferromagnetic material, both 
ACFM and AC-MFL methods can take role in defect 
detection, the fusion of multiple detection methods has 
significantly improved the detectability of different types 
of defects. On the one hand, the proposed probe 
configuration can detect different types of surface defects 
as AC-MFL can be sensitive to circumferential defects and 
axial defects. It is realized that high-sensitivity detection of 
defects at different angles, as shown in Fig. 14(d) and Fig. 
14 (e), respectively. According to Table V, it is found that 
the proposed probe has high sensitivity to different depths 
and different angles as well. Bz is approximately linear with 
the relationship of different defect depths. When the surface 
defect depth is 8mm, the detection sensitivity is 2.62. At the 
same time, it has high sensitivity for subsurface defects. 
When the distance of the subsurface defect is 7mm, the 
sensitivity can still maintain significantly high at 0.15.  

On the other hand, AC-MFL detection methods can be 
used to inspect sub-surface defects, which is 
complementary to the ACFM technology. It can be used to 
identify both surface and sub-surface defects and improve 
the detectability. To simplify interpretation, two groups of 
experiments have been tested. In the first group, the 
specimens of Fig. 12(c) are turned over, and the third 
column of subsurface defects with different depths is 
detected, the results are shown in Fig. 15(a). In the second 
group, the specimens with both surface defects and 
subsurface defects are detected, and the results are shown 

in Fig. 15(b). The reason why the DC component is not 
eliminated is caused by several factors. In addition to the 
influence of geomagnetic field, ferromagnetic materials 
generally have remanence, which will produce DC bias to 
the signal. Concurrently, the AD620 amplification chip will 
amplify the magnitude of the bias. In particular, eliminating 
the DC component might not improve the detection effect 
due to different test samples. This extra process might 
increase the circuit complexity and possibly lose signal 
when conduct in the different test objectives. According to 
the analysis of Fig 15 (b), when there are surface defects, 
both Bx and Bz of the signals occur fluctuate 
simultaneously. When there are only subsurface defects, Bz 
signal jumps as Bx has no noticeable change.  

3) Detection results of natural corrosion defects 

 In order to further verify the detection ability of the 
proposed probe, irregular natural defect specimens are used. 
Due to the complex surface condition of the specimens, the 
traditional detection structure is not suitable to detect the 
specimen with complex surface conditions. The proposed 
probe has high sensitivity for natural defect detection. The 
detection results are shown in Fig. 16(a)-(b), and the 
number of Natural corrosion tank and Natural corrosion pit 
of X80 steel of pipe can be judged according to the peak 
number of the signal, it is tank 1, tank 2, pit 1 pit 2 and pit 
3, respectively. In Table VI, it is found that the proposed 
probe has high sensitivity for natural corrosion tanks and 
natural corrosion pit detection. It can not only quantify the 
number of defects, but also evaluate the size of defects to a 
certain extent. 

Table IV Detection results of aluminum sample 

Parameters of surface defect of 
aluminum sample 

Bx 
sensitivity 

Bz sensitivity 

Defect angle (°) 0.02, 0.02, 
0.03, 0.03, 

0.03 

0.47, 0.75, 1.00, 
1.04, 0.90 15 30 45 60 75 

Defect depth (mm) 0.03, 0.04, 
0.03, 0.03, 
0.03, 0.03 

0.77, 1.00, 1.01, 
0.95, 0.95, 0.95 1 2 3 4 5 6 

Table V Detection results of 45#steel sample. 

Parameters of surface defect 
of 45# steel sample1 

Bx sensitivity Bz sensitivity 

Defect angle (°) 0.04, 0.04, 0.06 0.86, 0.46, 0.86 30 45 60 

Defect depth (mm) 0.09, 0.09, 0.10 1.88, 1.98, 2.62 4 6 8 

Sub-surface defect depth of 
45# steel sample1(mm) 0.02, 0.02, 0.02 0.26, 0.59, 1.05 

4 6 8 

Parameters of sub-surface 
defect depth of 45# steel 

sample2 

0.04, 0.03, 0.03, 
0.06, 0.07 

0.11, 0.11, 0.15, 
0.73, 0.88 

Sub-surface 
defect depth 

(mm) 

Surface 
defect 
depth 
(mm) 

5 4 3 2 1 

Table VI Detection results of Natural defect X80 steel. 

Natural corrosion tank (mm) Bx sensitivity Bz sensitivity 

108 98 0.01, 0.02 1.34, 0.60 

Natural corrosion pit (mm) 0.00, 0.01, 
0.01 

0.70, 2.87, 
1.84 23 28 24 

TMR sensor

TMR signal 
processing module Acquisition card Butterworth fourth -order 

bandpass filter
AS envelope detection



  
 

  
 

Fig. 14 (a), (b) are the horizontal component Bx and vertical component Bz envelope value of different defect angle, defect width, different defect depth 
in aluminum plate. (c) is the relationship between the defect angle and the envelope peak value in aluminum plate. (d), (e)are the Bx and Bz envelope value 
of different defect angle, defect diameter, defect width, different defect depth in the 45# steel. (f) is the relationship between the defect angle and the 
envelope peak value in the 45# steel. 

 
 

Fig. 15 (a) refers to sub-surface artificial defects detection results with different depth. (b) presents sub-surface and surface artificial defects detection 
results with different depth. 

  
Fig. 16 (a) Natural corrosion tank detection results. (b) Natural corrosion pit detection results. 

4) Comparison 

In order to verify the advantages of the proposed probe, 
we compared the traditional U-shaped yoke probe and 
planar eddy current probe structures. The U-shaped yoke 
probe was designed referring to ACFM probes as reported 
in [9]. The planar probe was designed referring to EC 
probes as reported in [28]. The specific experimental setup 
is shown in Fig. 17. Fig. 17(a) shows that the probe is 
controlled by the 6-Axis Manipulator to scan the pipeline. 
The scanning speed is 20mm/s. and the scanning distance 
is 600mm. Fig. 17 (b) shows the experimental state when 
the inner side of the pipe is coated with liquid such as 
magnetic suspension. Fig. 17 (c) shows the inspection on 
the outside of the pipeline. the metrics of different probes 
are listed in Table VII. The experiment is divided into the 
comparison of the detectability and sensitivity of the probe 
to different pipeline defects. Fig. 18 shows different probe 

structures.  

 
Fig. 17 Schematic of pipe inspection Testing system. 



 
Fig. 18 Probes structure 

 
Fig. 19 Lift-off of different probes. 
Table VII Comparison of the probes 

The probes 
structure 

The 
proposed 

probe 

Traditional 
U-shaped 

yoke probe 

Chen (2021) [28] 

Sensor TMR TMR Coil 
Excitation 

method 

Yoke & 
Coil 

Yoke Coil 

Excitation 
frequency 

4kHz 4kHz 2MHz 

Turns 120 150 20 

Length (mm) 70 67 48 

Width (mm) 44 12 30 

Height (mm) 19 44 10 

Type and 
approximate 

size of 
defects (mm) 

The axial 
defect 

(a) 

The square 
defect 
 (b) 

The 
circumfe
rential 
defect 

(c) 

The 
circumf
erential 
defect   

(d) 
76×23.7×

1.8 

7×6×1.6 2×45×2 8×36×3 

a) Sensitivity and functional comparison experiment 
Three different types of probe structures are used to 

detect different types of defects on the inner side of the 
pipeline inspection. The contact between the probe and the 
inner wall of the pipe is shown in Fig. 19. The mechanical 
arm controls the three probes to move at the same speed, 
and the detection results are shown in Fig. 20. 

In order to facilitate the benchmarking of defect location 
and signal characteristics, the Bx reference voltage is 
reduced by 2.1V.  

By comparing Fig. 20 (a), (b) and (c), it can be observed 
that defects #a and #d on the inner side of the pipeline can 
be identified by the three probes. Defect #b can be detected 
by the proposed probe and planar probe through feature 
analysis. The traditional U-shaped probe cannot identify 
defect #b. The proposed probe can clearly identify the sub-

surface defect #c while the planar probe fails to detect 
defect #b. The test results show that the proposed probe has 
high sensitivity and SNR in detecting small defects and 
sub-surface defects. 

 
Fig. 20 Test results of different types of probes inside the pipeline. (a) 
The proposed probe. (b) The traditional U-shaped yoke probe. (c) The 

planar probe. 
The evaluation is conducted by normalizing the 

experimental results due to the balance of different scale 
range of the different probe as shown in the formula 1, and 
then solve the corresponding sensitivity. The results are 
shown in the Table VIII.  

                𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 = 𝑥−𝑚𝑖𝑛(𝑥)
𝑚𝑎𝑥(𝑥)−𝑚𝑖𝑛(𝑥)

         (16) 

              𝑆𝑁𝑅 = 20 𝑙𝑜𝑔10 (
𝑉𝑎𝐷
𝑉𝑎𝑁

) [𝑑𝐵]                          (17) 
where 𝑉𝑎𝐷  and 𝑉𝑎𝑁 are average voltage variation in 
defective and non-defective regions of tested piece, 
respectively. 

 

Table VIII Index comparison results 

Probe type for 
pipeline inspection 

Proposed probe Traditional U-shaped yoke 
probe 

Chen (2021) 

Inner pipeline defect 
inspection 

a b c d a b c d a b c d 

Sensitivity  
(Bx, Bz or Pcb coil) 

1.2 
2.4 

0.5 
0.7 

0.6 
1.1 

1.3 
0.7 

1.1 
2.2 

0.04 
0.3 

0.2 
0.9 

1.0 
1.1 

1.9 0.5 0.03 0.64 

Efficacy 
(Detectability) 

D4/4 3/4 3/4 

Precise √ √ √ √ √ × √ √ √ √ × √ 

(Bx+Bz or coil) 
SNR (dB) 

11.1 1.6 4.6 6.0 10.4 -9.4 0.8 6.4 5.6 -5.8 -30 -3.9 



Note: √ and × indicates detected and not detected respectively 

The defect detection efficiency is calculated according to 
the detection ratio of different types of defects. The 
detection efficiency of the proposed probe is quantified in 
terms of detecting circumferential defects, axial defects, 
circular small defects and sub-surface defects. 

In the actual pipeline detection, we are more concerned 
about the detection of sub-surface defects as they are not 
easy to detect while general detection methods fail to 
deliver acceptable detection performance and thus lead to 
undetected defect that compromise the pipeline safety. Next, 
we carry out comparative experiments on the types of 
probes that can detect sub-surface defects in complex 
environments. 
b) Complex detection environment experiments 

Case1: Detection comparison of complex specimen 
structure 

The experiment verifies the adaptability of the proposed 
probe to different detection structures. The experimental 
setting is consistent with case 1. By reversing the pipeline 
in Fig. 17 (a), the detection experiment is carried out on the 
outside of the pipeline. The pipe condition is shown in Fig. 
17 (d), and the experimental results are shown in Fig. 21. 

 
Fig. 21 Test results of different types of probes outside the pipeline. (a) 
The proposed probe. (b) The traditional U-shaped yoke probe. 

By comparing Fig. 21(a) and (b), the external detection 
is analyzed. The proposed probe can detect three defects #a, 
#b, #c. In terms of the defect #d, the detection sensitivity is 
limited due to the sub-surface defect depth being too small, 
and less magnetic field leakage on the pipeline surface. The 
traditional U-shaped probe can only detect defects #c. Thus, 
this confirm the adaptability and detectability of the 
proposed probe are better than the traditional U-shaped 
probe. Specific results are shown in Table IX. 

Table IX The external detection results 

Probe type for 
pipe inspection   

The proposed probe Traditional U-shaped 
yoke probe 

Outer pipeline 
side inspection 

a b c d a b c d 

Sensitivity 1.0 0.7 1.5 0.2 0.1 0.0 1.5 0.1 

Efficacy 3/4 1/4 

Precise √ √ √ × × × √ × 

Case2: Complex surface condition of specimen structure 

In addition, in order to further verify the adaptability of 
the proposed probe to complex environment, a large 
amount of magnetic suspension is coated on the pipe 
surface to simulate the complex surface situation in the 
actual pipeline. Other experimental settings are consistent 
with case 1. The experimental results are shown in Fig. 22. 
Compared with the pipeline with clean surface, the 
detection sensitivity of the pipeline coated with magnetic 
suspension is reduced by about 0.2. The specific parameters 
are shown in the Table X, however, it does not affect the 
actual defects detection of pipeline. The experimental 
results show that the proposed probe structure is rarely 
affected by the degree of surface cleanliness and has great 
adaptability to complex environment. 

 
Fig. 22 shows the comparison results of pipeline surface cleaning and oil 

stand inspection 
Table X results of Surface cleaning and Surface oil stain pipeline 

Probe type for 
pipe inspection   

The proposed probe 
(Surface cleaning) 

The proposed probe 
(Surface oil stain) 

inner pipeline 
side inspection 

a b c d a b c d 

Sensitivity 2.4 0.7 1.1 0.7 2.2 0.5 0.9 0.5 

Efficacy 4/4 4/4 

Precise √ √ √ √ √ √ √ √ 

IV. CONCLUSION AND FUTURE WORK 

This paper has proposed a novel electromagnetic 
diagnostic system that couples the ACFM with MFL 
sensing structure. The theoretical analysis of ACFM and 
AC-MFL has been presented. The corresponding 
simulation and experimental verification have been carried 
out to illustrate the feasibility and reliability of the proposed 
sensing structure. The following conclusions can be drawn: 

1) Compared with the traditional U-shaped structure, the 
excitation structure saves the space size. Based on the new 
excitation structure, the excitation coil is fully utilized to 
increase the magnetization and detection sensitivity of the 
specimen. 

2) According to the proposed electromagnetic coupling 
excitation structure, the advantages of ferromagnetic and 
non-ferromagnetic materials are compensated from the 
perspective of physical mechanism. The defects from 
different angles and subsurface defects are detected. 

3) The system is used for the detection of natural defects 
on complex surface condition for pipeline. In particular, the 
number of defects can be accurately judged for serial 
defects, and it has strong detection ability and adaptability. 

Future work will focus on quantitative detection and 
imaging of the pipeline defects in industrial environment. 
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