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Abstract: Pipeline inspection gauges (PIGs) are widely used for nondestructive testing of oil and
natural gas pipelines, while above ground markers (AGMs) can locate and track the PIG through
a variety of methods, including magnetic flux leakage signals, acoustic signals, and extremely low-
frequency (ELF) magnetic signals. Traditional AGMs have the disadvantages of low positioning
accuracy and only one-dimensional tracking capability. In this paper, a newly-designed PIG tracking
system based on the ELF magnetic field is proposed by assembling dual receivers. Moreover, this
paper develops a magnetic field sign-integration algorithm to achieve high-precision and four-
dimensional (4-D) tracking of PIG. The simulation and experiment results demonstrate that the
tracking system has the capability of 4-D tracking. In comparison with the previously published
work, the designed tracking system improves the positioning accuracy and orientation tracking
accuracy by more than 50%. The dual receivers tracking system also has the characteristic of high-
robustness. Even in the state of lateral offset or tilt, it can still achieve accurate tracking of PIG.
The realization of PIG’s high-precision 4-D tracking can improve the accuracy of defect location.
Moreover, it can also provide the latest pipeline network layout and facilitate pipeline maintenance
and pipeline surveying applications.

Keywords: above ground marker; dual tracking receivers; extremely low frequency; four-dimensional
tracking; magnetic field sign-integration algorithm; pipeline inspection gauge

1. Introduction

Pipelines are widely used in oil and natural gas transportation projects. Now, the total
length of pipelines in a single country may have exceeded 10° km [1,2]. However, be-
cause pipelines are buried underground for a long time, they may also be corroded [3],
even with the typical corrosion prevention techniques (coating, cathodic protection, etc.) [4].
Under the effect of stress—strain, corrosion on the pipe wall gradually evolves into de-
fects [5]. The further development of defects may lead to leakage incidents of the oil or
gas, which may cause economic losses and environmental pollution [6]. Based on a series
of nondestructive testing technologies such as magnetic flux leakage (MFL) detection [7],
eddy current testing [8] and ultrasonic testing [9], the pipeline inspection gauge (PIG) can
be developed to detect and evaluate pipeline defects.

The two most important issues in the nondestructive inspection of pipelines are
whether defects present and, if so, where they are located [10]. The defect localization
is mainly divided into two types: active locating method and above-ground tracking
method. In the active locating method, the pipeline inspection gauge (PIG) measures its
own movement through the instruments it carries. Furthermore, there are two ways to
achieve active locating method, the odometer positioning method [11] and the inertial
measurement unit (IMU) method [12,13]. However, due to the slip caused by paraffin oil
or the mechanical error caused by wear [10], the positioning error of the odometer can be
as high as 10% [14]. What is worse, owing to cumulative counting, there is a cumulative
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error in the odometer positioning method [15]. Similarly, IMU realizes positioning through
the integration of acceleration and angular velocity, and inevitably also has an accumulated
error, which is 20 cm per 100 m [16,17]. The inspection mileage of hundreds of kilome-
ters will accumulate positioning errors of hundreds of meters, which is unacceptable in
engineering applications.

Therefore, it is necessary to place above-ground markers (AGM) at regular intervals
along the pipeline to communicate with the PIG and correct the accumulated error of the
active locating method [18]. At present, the most commonly used AGMs are based on the
magnetic flux leakage signal, which uses the magnetic field leaking from the permanent
magnet carried by the MFL-PIG to achieve the positioning of the PIG [19]. Obviously, it is
only applicable to MFL-PIG. The friction between PIG and the pipe wall will generate a
self-excited vibration acoustic signal, while the collision between PIG and the pipe weld
will generate a transient shock vibration acoustic signal [20]. Therefore, the MEMS acoustic
vector sensors can be used in AGMs to track the PIG [21,22]. However, the amplitude of
the friction sound is small, which results in a limited propagation distance and a weak
anti-interference ability. The amplitude of the collision sound is large, but because of the
obstruction of the soil, the specific position of the weld cannot be determined directly on
the ground, so the PIG cannot be accurately tracked either [21].

There is also another above-ground tracking method based on an extremely-low fre-
quency (ELF) magnetic field, which has better positioning accuracy and stronger general
applicability. PIG carries the transmitter, which can radiate the ELF magnetic field, while
the tracking receiver above the ground locates PIG by detecting the ELF magnetic field
signal [23]. The AGM based on the ELF magnetic signal has been widely used in practical
engineering [24]. It is also suitable for tracking the PIG with unconventional shapes [25].
The most common way to analyze the ELF-AGM is the magnetic dipole model (MDM)
method [26]. Qi established a MDM for the PIG transmitter, and proposed the pipeline
global position system to realize long-distance tracking of the pipeline based on the prin-
ciple of multi-satellite measurement [27]. Based on the x-axis and y-axis signals of the
magnetic field of the transmitter, Piao gives an orthogonal search coils model, which is
applied to the tracking of high-speed PIGs through the least square criterion and ternary
decision trees [28,29].

There are three obvious problems with traditional ELF-AGMs. Firstly, the positioning
of PIGs has not yet reached centimeter-level accuracy. The positioning error is 40 cm in [27]
and 20 cm in [30]. Secondly, both Qi [30] and Piao [28] measure the ELF magnetic field in
the axial and radial direction at the same time, which leads to signal redundancy. Thirdly,
the traditional AGMs achieve only one-dimensional tracking for PIG (the axial direction
of the pipe). However, the terrain above pipelines may change over time, and the actual
location of pipelines may be inconsistent with the initial design [31]. Since the actual
location of the underground pipeline is unknown, multiple dimensions tracking is required
to accurately describe the location of the pipeline—including the relative position (x,y,z)
between the tracking receivers and the PIG, and the pitch angle between the pipeline and
the ground plane—in the Cartesian coordinate system with the PIG transmitter as the origin
and the direction along the pipeline as the z-axis. The coordinate z is used to track the PIG
along the pipeline direction. The improvement of the tracking accuracy of the coordinate
z can help to improve the accuracy of the defect location. The coordinate x is used to
position the lateral offset distance between the PIG and the AGM, while the coordinate y is
used to position the vertical distance between the PIG and the AGM, that is, the buried
depth of the pipeline. The acquisition of the dimensions x, y, and pitch angle can quantify
and compensate for their influence on the coordinate z tracking, which will help improve
the robustness of the AGMs and improve the accuracy of defect location. In addition,
the accurate lateral offset distance between the AGM and the pipeline obtained from the
four-dimensional (4-D) tracking, the actual buried depth of the pipeline, etc., are helpful
for the excavation and maintenance of the pipeline. At the same time, 4-D tracking of the
pipeline is necessary correction information to compensate for the accumulated errors of
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the pipeline surveying system [18,32]. Qi uses five receiving coils in a horizontal plane to
form a receiver array, which has the function of tracking the PIG in multiple dimensions
and further improves the tracking accuracy from 40 cm to 20 cm [30]. However, the tracking
of multiple dimensions is not adequately realized in addition to the direction along the
pipeline. Furthermore, the receiver array with the five coils on the same horizontal plane is
too large to be convenient for field use, which can be seen from the experimental scene in
Reference [30].

Therefore, the paper proposes a novel tracking receiver system with only two receiving
coils distributed vertically and a corresponding 4-D tracking algorithm, which can achieve
high-precision and 4-D tracking of the PIG. The dual receivers will detect the radiated
magnetic field from transmitters at different heights. Using these dual magnetic signals and
the distance between the dual receivers, it becomes possible to achieve 4-D tracking of the
PIG. The tracking algorithm is mainly based on the origin symmetry feature of the radial
component of the transmitter’s magnetic field, which has the smallest error in various
assumptions of the magnetic analysis. It determines that the tracking error of the algorithm
proposed in this paper will be smaller than traditional ELF-AGMSs. The algorithm is also
proposed to solve the redundancy problem in the previous positioning system. First,
the paper introduces the design of the dual receivers tracking system in detail. Then, based
on the MDM, three possible cases are presented to discuss the 4-D tracking model and
corresponding analytical solutions, which are verified by a finite element model (FEM).
Moreover, a 4-D tracking algorithm is developed. Furthermore, physical experiments and
filed tests that synthesize three cases are performed. The results of FEM simulation and
physical experiments are used to prove that the algorithm is feasible and accurate. Finally,
the high robustness of the 4-D tracking algorithm is demonstrated.

2. Method

The design of the dual receivers tracking system and the 4-D tracking model based
on the MDM are proposed in this section. The FEM model used to verify the tracking
algorithm is also introduced.

2.1. The Design of the Dual Receivers Tracking System

The dual-receiver tracking system is mainly composed of two vertically distributed
receiving coils, as shown in Figure 1. In the figure, there is a PIG with a transmitter (the
red part) in a pipeline (the black part), while the gray part outside the pipeline is soil.
Furthermore, the dual tracking receivers (the blue part) are above the ground.

"""""" The Dual Tracking Receivers

Ground Surface !
/

Soil

Pipeline Wall

Odometer
Pipeline PIG Transmitter

Soil

Figure 1. The architectural overview of the dual receivers tracking system. The red cylinder represents
Pipeline inspection gauge (PIG) transmitter, while blue ones are tracking receivers.

The tracking system works mainly as follows. First, the transmitter carried by the PIG
constantly radiates an ELF magnetic field in the pipeline. The ELF magnetic field reaches
the ground through the attenuation of the oil and gas, the pipeline wall, the soil, and the
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H=

NIS

air. Then, the vertically distributed dual tracking receivers detect the magnetic field values
at different heights on the y-axis when PIG passes. Last, the tracking system can use the
characteristics of the radiation field to track the PIG.

2.2. The Magnetic Dipole Model for Tracking System

The ELF magnetic field excitation signal of the transmitter is selected as 22 Hz, which
has a better penetrating ability for the oil and gas, the pipeline wall, the soil and the
air [29,30]. Therefore, the wavelength of the ELF magnetic field is much larger than the
diameter of the transmitting coil (A = %), and each turn of the coil can be regarded as a

magnetic dipole as shown in Figure 2. In the figure, the circle part represents one turn of
the transmitting coil, and r is the distance from the field point to the magnetic dipole, 6 is
the angle between e, and z-axis and ¢ is the angle between e, and xOy plane.

A x

[ /
/ r Pipeline Wall
////‘\0

A .

i PIG Transmitter <
Figure 2. The magnetic dipole model for tracking system. The circle part is one turn of the transmit-

Pipeline

ting coil and represents a magnetic dipole.

2.2.1. The Magnetic Dipole Model in Vacuum

Considering that the propagation distance r is much larger than the coil length, the
coil can be considered as a superposition of N magnetic dipoles, while N is the number of
turns of the transmitting coil. Therefore, in the Cartesian coordinate system, the radiated
magnetic field of the transmitting coil can be rewritten as (1) :

1 ik

4

2,2 .2

R 22)245 + iyt 22)2 ) [3xzex + 3yzey + (22 —x"—y )ez} , 1)
where ey, ey and e, are the unit vectors in the Cartesian coordinate system and I is the
excitation current in the transmitting coil. The wavenumber is k = 27f, /ggpo, while
f is the frequency of the excitation current. pg is the permeability of free space, g is
the permittivity of free space and S is the cross section area of the transmitting coil. It
is worth noting that the radiated magnetic field in (1) is the near-field of the MDM, be-
cause the burial depth of the pipeline is usually several meters. kr = % < 1, only
the higher powers of % in the radiation magnetic field of the MDM in vacuum need to
be retained. Furthermore, the nomenclature of the variables in the equations is listed in the
Appendix A.

2.2.2. The Attenuation Effect

Since the ELF electromagnetic signal has a good penetration effect in the soil, air,
and oil or natural gas, correspondingly, due to the high magnetic permeability and electrical
conductivity, the metal pipe is the main factor for the power loss of the ELF signal [26]. The
electromagnetic signal attenuation caused by the classical 10 mm pipe wall thickness is
two orders of magnitude larger than the attenuation caused by the classical 2-3 m buried
depth in soil [30]. Therefore, the attenuation effect of the ELF electromagnetic signal in the
soil, air, and oil or natural gas can be ignored. According to the magnetic field propagation



Appl. Sci. 2021, 11, 3366

5o0f22

d

model in the lossy medium [26], the attenuation effect of the pipeline can be expressed

as (2):
H = Hpe e 1P, )

where Hy and H are the amplitudes of the magnetic field intensity before and after attenua-
tion, respectively. « is the loss factor and meets &« = /7t f o, while B is the phase constant.
h is the thickness of the pipe wall; ¢ is the conductivity of the pipe; y is the permeability of
the pipe, which follows the BH curve. Furthermore, the nomenclature of the variables in
the equations is listed in the Appendix A.

2.2.3. The Induced Voltage in the Receiving Coil

Since the PIG with the ELF transmitter is pushed forward by oil or natural gas in
the pipeline, its speed is usually slow. Therefore, the induced electromotive force in the
receiving coil approximately meets (3):

e = —j27rfn‘ugI:ISCey, 3)

where 7 is the number of turns of the receiving coil, while S, is the cross-sectional area. p,
is the effective magnetic permeability of the magnetic core in the receiving coil. H is the
magnetic field intensity, and only the vertical component of the magnetic field shown in (1)
can induce a voltage in the receiving coils, which are placed vertically. Furthermore, the
nomenclature of the variables in the equations is listed in the Appendix A. Since the f, n, S,
and p, can all be regarded as constants, to simplify the model, analyzing the characteristics
of the vertical component of the radiated magnetic field is equivalent to analyze the output
voltage of the receiving coil.

2.3. The Four-Dimensional Tracking Model

To explore the feasibility and accuracy of the four degrees of freedom (DOF), x, y, z
and pitch angle, the 4-D tracking model is divided into three cases for discussion as shown
in Figure 3. In the figure, the distance between dual receivers is . And d; and d, are
the distances between the transmitter and the dual tracking receivers in y-axis direction,

respectively.
y A v )
Tracking Receiver 2 Tracking Receiver 2 q Tracking Receiver 2 lI’ \\2
Tracking Receiver 1 A Surfac
Tracking Receiver 1 Tracking Receiver 1 . ........................ ‘ \ Ground Surface
!

d

Pipeline --*-----

0

Pipeline Wall !
n 1
PIG Transmitter i
o 3¢ ’ RS
ﬁ > Pipeline W dl@ Pipeline m\s«\‘
—> o

PIG Transmitter z o X

Pipeline Wall

(a)

(b) (c)

Figure 3. Possible relative position cases between the PIG transmitter and receivers: (a) the normal case; (b) the lateral offset

case; (c) the pitch angle case.

2.3.1. The Normal Case

The normal case assumes that the tracking receivers are located directly above the
pipeline, and the pipeline is parallel to the ground, as shown in Figure 3a. References
that consider only one-dimensional tracking all assume that AGMs work in the normal
case [26-28]. It is obvious that distances r, d; and d, meet the following relationship:

dy =dy +7, 4)
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Referring to (1) and (2) and taking x = 0, the radiation magnetic field of PIG
transmitter in the normal case can be expressed as (5):

SNIS]/Z 1 ]k e_(‘B_H'a)he

H= +
)T R+

©)

The integration of the amplitude of the magnetic field intensity in (5) is calculaed with
respect to the pipe axis direction and marked as H;(z):

Hiz)= -22 Y o/nfuch, (6)
AT (2 4 22)"°

Referring to (5), the amplitude of the magnetic field intensity follows the characteristics
of origin symmetry, that is, H(z) = —H(—z) and H(0) = 0. Therefore, H;(z) reaches a
maximum value at z = 0 shown as (7). The position corresponding to z = 0 is where the

transmitter is located.
NIS 1

Himax(y) = _H; —Vrfuoh, (7)

To conclude, the maximum value of the magnetic field integration (MFI) in (6) can
be used to track the DOF z of the PIG. The method of locating PIG using the maximum
value of MFI will be more reliable than using the zero magnetic field point. Because of the
existence of noise and the limited accuracy of the sensor, it is difficult to accurately find the
zero value of the magnetic field signal.

Furthermore, the maximum value of MFI can also be used to calculate accurately the
distance between the transmitter and receivers along the y-axis, that is, the buried depth of
the pipeline. Referring to (7), the dual receivers tracking system can obtain two maximum
values of MFI, Himax(d1) and Himax(d2). Combining (7) and (4), the distance between the
PIG transmitter and the tracking receiver 1 and receivers 2 can be calculated as (8):

\/ 1max d] lmax d2 +H1max dZ
Hlmax(dl) Hlmax(dZ) s (8)
V Himax dl imax dZ +Himax dl

Himax (dl ) Himax (dZ)

The magnetic ratio in (8) has its own characteristics of filtering common-mode noise.
As an example, for dual tracking receivers, the effects of pipeline wall and soil on the
attenuation of ELF magnetic fields are the same, which can be automatically filtered out by
the MFI method.

2.3.2. The Lateral Offset Case

However, the normal case is an ideal situation. Considering that the pipeline is
underground and invisible, the receivers may be laterally offset from the pipeline when it
is placed above the ground. In this lateral offset case, the dual tracking receivers are located
above the pipeline, while the axes of the receivers are offset from the transmitter in the
x-axis direction, as shown in Figure 3b. Furthermore, the pipeline is parallel to the ground.
In the figure, w is the distance between the PIG transmitter and the tracking receivers in the
x-axis direction. Referring to (1) and (2), the vertical component of the radiation magnetic
field of the PIG transmitter in the lateral offset case can be expressed as (9):

NIS

H= v fuche=ibh( ! i

+
(2924227 (2 y?+22)

)ey, )
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The difference in the amplitude of the magnetic field intensity is calculated, marked
as Hy(z):

Hy(z) = %e* nfuch 3y _ 15yZ2 (10)
i 4 R+ +2)° R+ +22)7°)

Referring to (9), maximum and minimum values of the magnetic field intensity can
be obtained by taking H;(z) = 0. It can be found that the positions corresponding to the
maximum and minimum values, the horizontal offset and the vertical distance meet a
position-square relationship, shown as (11).

LV Y (11)

zZ= 5

Therefore, the lateral offset w can be obtained from the dual receivers tracking system,
which can obtain two position-square relationships, while y = d; and y = d,. Combining
the (11) and (4), the lateral offset w can be expressed as (12):

=zt — 2t + 272292 4 292252 4 2272252

“o 2r !

(12)

where (x,%,21) and (%, %, z2) are the positions corresponding to the maximum and mini-
mum values of the magnetic field intensity under the distance di and d», respectively. wy is
the initial calculated value distance between the PIG transmitter and the tracking receivers
in the x-axis direction. Furthermore, the nomenclature of the variables in the equations is
listed in the Appendix A.

In the case of known lateral offset, the method of the maximum value of MFI can
also be used to accurately calculate the vertical distance. The magnetic field measured
by tracking receivers in Figure 3b can be considered as the combination of the radial
and circumferential components of the original magnetic field in a cylindrical coordinate
system, H,4 and H,q4, as shown in (13).

( Hyy = ) _ ( H,1 Hg, ) ( sing; sing; ) (13)
x  Hg Hiqap Hyp, cos@q cos¢py )’

where ¢; and ¢, are circumferential angles, which are the angles between the x-axis
and the line of the transmitter and receivers. Combining the (11) and (12), ¢1 and ¢; in
Figure 3b can be expressed as sin¢; = ‘j—l and sing, = Z—;. Hg1 and Hgp comprise the
magnetic field measured by dual tracking receivers. Referring to Figure 2, it can be found
that the e, component of the magnetic field is 0, Hyi=0,1=1,2 Furthermore, the
nomenclature of the variables in the equations is listed in the Appendix A.

Therefore, the radial components of the original magnetic field in a cylindrical coor-
dinate system, H,q1; and H,qp, can be solved inversely. This process can be defined as a
compensation calculation from the measured magnetic field to the original magnetic field.
At the same time, the radial distance between the dual receivers in the lateral offset case is
no longer 7, but rpew, which is shown as (14):

Tnew = \/wo2 +dag® — \/wo2 +d1o”, (14)

where dq and dy are initial calculated values of d; and d,, which can be obtained by (11)
and (12). Furthermore, the nomenclature of the variables in the equations is listed in the
appendix.

To sum up, integrating the compensated magnetic field H,4; and H,4p, and taking
Tnew into (8), the distance between the PIG transmitter and the tracking receiver 1 and
receivers 2 in the lateral offset case, d,; and d,, can be obtained. Therefore, the lateral
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HE) = (Hy () H) )

offset w and the distance d; between the transmitter and receivers can be described as (15),
in whichi =1 or 2:
_ wodn
T (15)
di — 4i0%ri

z;

where w is the calculated lateral offset, while d; is also the buried depth of the pipeline.
Furthermore, the nomenclature of the variables in the equations is listed in the appendix.

2.3.3. The Pitch Angle Case

If it is in the pitch angle case shown in Figure 3c, the receivers are placed perpendicular
to the ground, but not perpendicular to the pipeline due to the change of terrain. In the
figure, the tracking receiver is located directly above the pipeline with zero lateral offset in
the x-axis, and « is the pitch angle between the PIG transmitter axis and the ground plane.
The angle between the transmitter and receivers is (90° — «). The magnetic field measured
by tracking receivers in this case is the combination of the y-axis and z-axis components of
the original magnetic field in the Cartesian coordinate system, Hy(z) and H;(z). Therefore,
the amplitude of measured magnetic field intensity H(z) can be expressed as (16):

cosa \ _ NIS (3yzcosa + (222 — y?) sina)
sinae ) 4m (y2 +22)%°

It is easy to find that the existence of the pitch angle causes the positions corresponding
to the maximum values of MFI not to overlap on the z-axis. Furthermore, the distance
difference of the positions corresponding to the maximum value can be defined as Az.
Therefore, the pitch angle can be expressed as (17):

e~ Vfuoh (16)

A
« = arcsin 72 (17)

Taking H(z) = 0in (16), the positions corresponding to the maximum values of MFI

can be calculated out:
[ 3 19 2
z= < g tana+ E—i—ﬁ(tanvc) )y, (18)

where the pitch angle « can be obtained from (17), y can be regarded as the initial value in
y-axis and can obtained from (11). Therefore, after measuring the magnetic field radiated
by the transmitter and calculating the position corresponding to the maximum values of
MFI, the position of the transmitter can be located according to (18).

To use the MFI method to locate the PIG in the pitch angle case, multiply (1) with the
sign function, and it is easy to find that the y-axis component of the original magnetic field
in the Cartesian coordinate system meets the characteristics of symmetry along the z-axis,
Hy(z)sgn(z) = Hy(—z)sgn(—z), while the z-axis component meets the characteristics
of origin symmetry, H,(z)sgn(z) = —H,(—z)sgn(—z). Therefore, one can integrate the
product of measured magnetic field H(z) in (16) and sign functions to obtain Hysgn(y),
as shown in (19). It can be found that the z-axis component of the magnetic field in (16) has
been integrated to 0. Furthermore, the maximum value in the MFI method is half of the
maximum in the magnetic field sign-integration (MFSI) method in (19).

Hign(y) = [ H(z)sgn(z)dkz, (19)

Fnew = \/ (12 — AZ?). (20)

To conclude, the MFSI method can position the dimension pitch angle of the pipeline
by (17) and track the DOF z of the PIG by (18). By replacing the maximum value of MFI
with %Hlsgn(y) and updating the radial distance difference between the dual receivers cor-
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responding with (20), the distance between the PIG transmitter and the tracking receivers
in y-axis can be obtained using (8), which is also the buried depth of the pipeline. The MFSI
method also works for the normal case and the lateral case, in which the maximum value
of MFI can be replaced with %Hlsgn (y).

2.4. The Four-Dimensional Tracking Algorithm

In Section 2.3, three possible cases are described in detail, and the solutions of four
DOFs are given, respectively. However, the underground pipeline is invisible, and the
relative position of the tracking receivers and the pipeline may be one of the above three
cases or a combination of the three cases. Therefore, this paper further proposes a compre-
hensive algorithm to achieve high-precision and 4-D tracking of the PIG in any relative
position case. The block diagram of the 4-D tracking algorithm is shown as Figure 4, which
is divided into three steps as follows:

e  Step 1: The pitch angle of the pipeline is assumed to exist, similar to the pitch angle
case. Using (17) and (18), the pitch angle is calculated and the tracking of the DOF z is
achieved. (16) is usedto compensate the magnetic field distortion caused by the pitch
angle, and the radial distance difference between the dual receivers corresponding
with (20) is updated.

e  Step 2: The lateral offset of the pipeline is assumed to exist, similar to the lateral offset
case. Referring to (11) and (12), the lateral offset is calculated and tracking of the DOF
x is achieved. It is worth noting that z in (11) and (12) needs to be subtracted from
Az in the solution in Step 1. As in Step 1, the magnetic field distortion caused by
the lateral needs to be compensated by (13). The radial distance between the dual
receivers needs to be updated with (14).

e  Step 3: Referring to (19), the sign-integration of the compensated magnetic field can be
obtained. Using the MFSI method in (8) and (15), the tracking of the DOF y is achieved.
At the same time, the DOF x can be updated.

( Initiallzation )

‘ Data acquisition ‘

v

‘ Tracking pitch angle ‘

Pitch angle = 0?

Yes

‘ Tracking z I
v

‘ Tracking x ‘

No -
Offset compensation

Yes

Precise tracking y I:

v

‘ Precise tracking x ‘

Pitch angle compensation

Figure 4. Block diagram of the 4-D tracking algorithm.
2.5. The Design of the Finite Element Model

To explore the characteristics of the radiated magnetic field of the transmitting coil
and verify the MFSI algorithm, a FEM model of the dual receivers tracking system is built
as Figure 5. The gray cylinder represents the pipeline, which is made of ferromagnetic
material Fe Q235, and its permeability follows the BH curve in the model. The length of the
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pipeline is 9 m, which is longer than the length of the coil, so the pipe can be considered
an infinitely long pipe in simulation. The yellow cylinder represents the transmitting coil
with an inner diameter of 20 mm, an outer diameter of 40 mm, a length of 150 mm, and a
number of turns of 2500. The amplitude of the excitation current is 1 A, and the frequency
is 22 Hz. The black cylinder represents the magnetic core, which is made of Mn-Zn ferrite
and has a permeability of 750. The dual blue points represent the measurement point
where the dual tracking receivers are located. The goal of the simulation is to analyze the
magnetic field characteristics on the line where the points are located. In the figure, d; is 3
m,dpis4dmand ris 1 m.

The simulation is implemented with ANSYS Maxwell, and preprocessing is required
before the numerical calculation. The Eddy Current Solver has been chosen due to the
sine excitation signal. Different grid sizes are selected in different regions to improve
solution accuracy and calculation efficiency. The radiation boundary condition is applied
to the model taking into account the characteristics of the radiated magnetic field of the
transmitting coil. In addition, the eddy effect of the pipeline is also set in Maxwell.

Pipeline Wall — Pipeline

/

z

A di e
d>

. ¥
PIG Transmitter Tracking Receiver 1

Tracking Receiver 2

C
-3000 (mm) 0 3000 (mm)

Figure 5. The 3-D FEM model of the dual tracking system. The gray cylinder represents the pipeline,
the yellow one represents the transmitting coil, the black one represents the magnetic core and the
dual blue points represent the dual tracking receivers.

3. Results

This section gives the results of the FEM simulation, while corresponding physical
experiments are designed.

3.1. The Results of the FEM Simulation
The results of the FEM simulation are divided into three cases for discussion.

3.1.1. The Results of the Normal Case

Based on the FEM model as shown in Figure 5, the magnetic fields measured by
tracking receivers, shown as Figure 6, are the radiated magnetic fields of the transmitting
coil on the line ((0, 3, —4.5), (0, 3, 4.5)) and the line ((0, 3.5, —4.5), (0, 3.5, 4.5)) in meters. It
can be found that y-axis components of the magnetic field B, (z) follow the characteristics
of origin symmetry and the z-axis components of the magnetic field B;(z) follow the
characteristics of axisymmetric, which are consistent with theoretical analysis.

References [28-30] use orthogonal coils to obtain B, (z) and B;(z) at the same time.
The zero magnetic field point of B, (z) and the maximum magnetic field point of B;(z) are
used to locate the PIG. However, the numerical integration of B, (z) yields integrationB,,
which has similar characteristics as B;(z). The maximum values of B;(z) and integrationB,
correspond to the same z-axis coordinates. For the coordinate z tracking of PIG, B,(z) can
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be completely replaced by integrationB, in the MFSI method. The effective information
obtained by the two orthogonal sensors is the same. A single-axis receiving coil can be
used to achieve the same effect as the orthogonal coils. Therefore, the z-axis coil can
be omitted. Furthermore, the MFSI tracking algorithm reduces the complexity of the
traditional tracking coil system.

According to (8) in the 4-D tracking algorithm, the distance between the PIG trans-
mitter and the tracking receivers can be calculated as in Table 1. In the table, the tracking
error of the DOF z is —0.9 cm, which is much lower than the error of 14.3 cm in [30] and
the error of 40 cm in [27]. At the same time, the tracking error of the DOF y is —1.88 cm,
which is also much lower than the error of 20 cm in [30]. In short, the tracking accuracy of
the MFSI algorithm is ten times that of traditional ELF-AGMs in the normal case.

Table 1. The tracking error of the algorithm in the normal case.

DOF z Y
MFSI method (cm) -0.9 298.12
True value (cm) 0.0 300.00
Error (cm) —-0.9 —1.88
Error (%) - —0.62
x10°
9.0 ; . . . —
~® B,
~e B,
_ S0, —A— IntegrationB,
2 6.0 ;. 2 3 —w— IntegrationB ,
g P 0‘ ¥2
> Rg . ¢ B,
Z P 4 B,
2 # e
5 30 " -
8= +% R
& &
.2 oF Lo,
= oS Qe
s ot Qe
g 0.0
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3.0 : : : : : :
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Position (m)

Figure 6. The radiated magnetic field of the transmitting coil in the normal case. By1, B;1 and By,
By are y-axis and z-axis components of the magnetic field on the line ((0, 3, —4.5), (0, 3, 4.5)) and ((0,
3.5, —4.5), (0, 3.5, 4.5)) in meters, respectively. integrationBy, and integrationBy, are the integrals of
By1 and By2-

3.1.2. The Results of the Lateral Offset Case

Based on the FEM model as shown in Figure 5, the dual tracking receivers have 1 m
lateral offset, while dy is 3 m, dy is 4 m. Therefore, the magnetic field measured by tracking
receivers, shown as Figure 7, are the radiated magnetic field of the transmitting coil on the
line ((1, 3, —4.5), (1, 3, 4.5)) and the line ((1, 3.5, —4.5), (1, 3.5, 4.5)) in meter. In a similar
manner as the normal case, By (z) follows the characteristics of origin symmetry while B; (z)
follows the characteristics of axisymmetric. Furthermore, the coils used for measuring
B;(z) can be omitted by the MFSI method.

In the figure, due to the existence of the lateral offset, there are obvious differences
between the measured magnetic field By and the original magnetic field ActualByg in the
amplitude and the position corresponding to the maximum amplitude. If the lateral offset
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is ignored and By are used directly like the traditional method, there will definitely be
errors in the positioning results.

Referring to (12) and (15), the lateral offset w and the distance between the PIG trans-
mitter and the tracking receivers can be calculated by the MFSI algorithm. Furthermore,
the tracking errors are shown in Table 2. In the table, the tracking error of the DOF x is
3.17 cm and DOF y is —2.48 cm, which are both much lower than the error of 20 cm in [30].
The tracking error of the DOF z is —0.10 cm, which is also much lower than the error of
14.3 cm in [30] and the error of 40 ¢cm in [27].

Table 2. The tracking error of the algorithm in lateral offset case.

DOF x z y
MFSI method (cm) 103.17 0.10 297.52
True value (cm) 100.00 0.00 300.00
Error (cm) 3.17 0.10 —2.48
Error (%) 3.17 - —0.82

x107

T j T
—®— B,
~® B,
—A— ActualB
v CompensationB ,, —

Magnetic field intensity (Gs)

Position (m)

Figure 7. The radiated magnetic field of the transmitting coil in the lateral offset case. By; and By
are y-axis component of the magnetic field on the line ((1, 3, —4.5), (1, 3, 4.5)) and line ((1, 3.5, —4.5),
(1,3.5,4.5)) in meter, respectively. CompensationByg is the compensated magnetic field by MFSI
method, while ActualByy is the original magnetic field on the line ((1, 3, —4.5), (1, 3, 4.5)) in meter.

3.1.3. The Results of the Pitch Angle Case

Based on the FEM model as shown in Figure 5, there are 30° pitch angles for the
tracking receivers, while d; is 3 m and d, is 4 m. The magnetic fields measured by tracking
receivers, shown as Figure 8, are the radiated magnetic field of the transmitting coil on the
line ((0, 3, —4.5), (0, 3, 4.5)) and the line ((0, 3.5, —4.5), (0, 3.5, 4.5)) in meters. Due to the pitch
angle, the measured magnetic field is the combination of Hy and H, of the original magnetic
field, and the results in the pitch angle case are different from the two cases discussed earlier.
The measured magnetic field B;(z) does not meet the characteristics of origin symmetry
anymore. In addition, there are obvious differences between the measured magnetic
field B4y and the original magnetic field ActualByg in the amplitude and the position
corresponding to the maximum amplitude, which can cause high error in positioning
methods that directly use data Bg;. In particular, the position offsets corresponding to the
zero magnetic field points of receivers 1 and 2 are 74.10 cm and 48.45 cm, respectively. The
offset of the zero magnetic field point will cause an unacceptable error in the traditional
ELF-AGMs based on the zero magnetic field point. In contrast, CompensationBg is the
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compensated magnetic field by the MFSI method. It can be found that the zero magnetic
field point of CompensationBgyg has been compensated from 74.10 cm to 10.45 cm, which
greatly improves tracking accuracy. The specific results of MFSI algorithm are shown in
Table 3.

Referring to (17), the pitch angle a can be calculated out. Furthermore, the tracking
error of DOF pitch angle is 0.3962°, which is 15 times lower than the error of 6° in [30].
Furthermore, referring to (18) and (8), the DOF z and y are be tracked, whose accuracies
are at least twice that of [27,30].

Table 3. The tracking error of the algorithm in the pitch angle case.

DOF Pitch Angle z y
MFSI method 29.6038° —8.17 (cm) 291.83 (cm)
True value 30.0000° 0.00 (cm) 300.00 (cm)
Error 0.3962° —8.17 (cm) —7.15 (cm)
Error (%) 1.32 - —2.38
x1073
! —— Bdl
30 ~® By ]

—A— ActualB 4,

@ 2.0 . —¥— CompensationB ,, |
g m
2]
g 10 koo .
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Position (m)

Figure 8. The radiated magnetic field of the transmitting coil in the pitch angle case. B4y and By,
are the measured magnetic field on the line ((0, 3, —4.5), (0, 3, 4.5)) and line ((0, 3.5, —4.5), (0, 3.5,
4.5)) in meters, respectively. CompensationBg is the compensated magnetic field by MFSI method,
while Actual By is y-axis component of the original magnetic field on the line ((0, 3, —4.5), (0, 3, 4.5))
in meter.

3.2. The Physical Experiments

To verify the MFSI algorithm and the designed dual receivers tracking system, a phys-
ical experiment is performed to track a PIG transmitter.

3.2.1. The Design of the Physical Experiment

The designed experiment is a comprehensive case combining the lateral case and the
pitch angle case, as shown in Figure 9. Take the forward direction of the transmitter as
the z-axis direction and establish a Cartesian coordinate system. The lateral offset of the
dual receivers is 0.91 m. dy, the distance in the y-axis between the PIG transmitter and the
tracking receiver 1 is 3 m. The distance r between the dual receivers is 0.90 m. The pitch
angle « of the dual receivers is 22.885°.

The structure of the PIG transmitter is consistent with the simulation model, and it
also includes a coil and a magnetic core, which is marked with a red solid line in Figure 9.
The frequency of the excitation current is 22 Hz. To accurately measure the position of the
transmitter, the transmitter is not placed in the pipeline during the lab experiment.
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Coils in dual tracking receivers wound around a cylindrical core made of Mn-Zn
Ferrite. The geometric dimensions of the coils and cores are shown in Table 4. Coils are
made of copper wire with a diameter of 0.2 mm and a number of turns of 3600.

l- 'Receiver PCB 1
Trackmg Racelver 1
E L.‘

PIG Transmitter

Figure 9. Experimental configuration for the dual receivers tracking system and the magnetic field
sign-integration (MFSI) algorithm.

Table 4. The geometric dimensions of the tracking receivers.

Shape Inner Diameter Outer Diameter Length
Coil Hollow Cylinder 35 mm 38 mm 180 mm
Core Cylinder 0 mm 35 mm 200 mm

Due to the attenuation effect of the pipeline and the large burial depth of the pipeline,
it can be seen from the theoretical calculations and simulation results that the magnetic field
intensity at the receiver is much lower than the geomagnetic field. Therefore, the signals
received from the tracking receivers need to be preprocessed by a signal processing circuit,
which is implemented as the printed circuit board (PCB) in Figure 9. As shown in Figure 10,
the signal processing circuit is mainly used for amplification and filtering the measured
magnetic field signals and contains five modules. The preamplifier and amplifier module
both amplify the weak signal detected by the receivers, and the total amplification of the
two modules is 10,000 times. Both amplifiers use high-precision instrumentation amplifiers
from Analog Devices. The two bandpass filter modules mainly filter out environmental
interference and circuit noise. Their center frequency fy is 22 Hz, and the bandwidth f,, is
3 Hz, so the quality factor is 7.33. The bandstop filter is mainly used to deal with the power
frequency electromagnetic interference caused by various instruments in the laboratory
environment. To improve the quality factor and reduce the bandwidth, all filters use the
state variable filter. In Figure 10, the output signals of the Receiver PCB are screenshots of
the oscilloscope during the actual measurement process. In contrast, the effective signal
amplitude of the signal received by the tracking receiver is too small to be directly observed
without signal processing. Therefore, the received signal shown in the figure is actually the
signal received when the transmitter and receiver are only 0.1 m apart, mainly to show the
characteristics of the received original signal and not equal to the actual detected signal by
the dual receivers in experiments.

Altogether, the tracking receivers system consists of two parts, the dual receiving coils,
and the Receiver PCB. The coils detect the radiated magnetic field, while the Receiver PCB
performs signal preprocessing. Finally, the results are displays by an oscilloscope (Tek
MSO64-6-BW-2500). The tracking receivers system is powered by a DC power supply.
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Bandpass
Prefilter

Figure 10. The signal processing circuit for the dual receivers tracking system.

3.2.2. The Results of the Physical Experiment

Based on the experimental site as shown in Figure 9, the transmitter moves along the
z-axis from —4 m to +4 m. The magnetic field measured by tracking receivers is shown
in Figure 11. Similar to the simulation results shown in Figure 8, it can be found that
the measured magnetic field by tracking receivers no longer meets the characteristics of
origin symmetry due to the pitch angle. Furthermore, there are obvious errors in the
amplitude, the position corresponding to the maximum amplitude, and the position of the
zero-magnetic field, which will definitely cause errors in tracking for the methods using
the measured data directly.

Using the 4-D tracking algorithm based on MFSI shown as Figure 4, the specific results
of the experiments are shown in Table 5. In the table, it can be found that the pitch angle
and the lateral offset are all calculated out, the measured magnetic field is compensated
and tracking of the DOF x, y, z and pitch angle are all achieved. Furthermore, the error of
—3.365° in orientation and the error within 10 cm in locating are more accurate than 6° and
20 cm in [30] and 40 cm in [27], as shown in Table 5.
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Figure 11. The radiated magnetic field in experiments. TrackingReceiver1 and TrackingReceiver2 are
the measured magnetic field on the point (0.91, 3, 0) and point (0.91, 3.829, 0.35) in meters, respectively.
The pitch angle of the dual receivers a is 22.885°. TrackingReceiverlcompensation is the compensated
magnetic field by the MFSI method.

Table 5. The tracking error of the algorithm in the pitch angle case.

DOF Pitch Angle x z y
MFSI method 19.519° 91.00 (cm) —6.95 (cm) 294.95 (cm)
True value 22.885° 100.31 (cm) 0.00 (cm) 300.00 (cm)

Error —3.365° —9.31 (cm) —6.95 (cm) —5.05 (cm)
Error (%) —14.70 —9.28 - —1.68




Appl. Sci. 2021, 11, 3366

16 of 22

According to the relationship between the measured magnetic field and the original
magnetic field shown in (13) and (16), the magnetic field distortion caused by the pitch angle
and the lateral offset can be compensated in sequence. The compensated magnetic field
Trackin gReceiverlcompensation 18 shown as Figure 11. It can be found that the zero magnetic
field point of the compensated magnetic field has been compensated from 80.07 cm to
10.23 cm, which proves that the positioning accuracy has been greatly improved compared
to the measured magnetic field TrackingReceiverl and TrackingReceiver?2.

3.3. The Field Tests

To verify the practical application capabilities of the dual receivers tracking system,
we further implemented a series of field tests. As shown in Figure 12, a PIG with the
ELF transmitter was pulled forward at a constant speed through the pulling system. The
length, wall thickness, and diameter of the oil and gas pipeline are 84 m, 12 mm and
813 mm, respectively. The geometrical and electromagnetic parameters of the transmitter
and receivers are the same as those in Section 3.2. The coordinate system is established
with the Tracking Receiver 1 as the origin to realize the 4D tracking of the PIG. In this
experiment, DOF x represents the height distance between the transmitter and the receiver,
and the base height of the pipe is wy = 800 mm, so w; = 1187.5 mm. DOF y represents
the horizontal distance, while d; = 1906.5 mm. DOF z describes the tracking of the PIG
along the pipe axis. Since the PIG with the ELF transmitter is located inside the pipeline,
its actual position in the z-axis direction cannot be directly given. As shown in Figure 12a,
the time of the PIG and dual receivers tracking system is synchronized with the GPS time,
and the midpoint of the pipe support base is selected as the reference pipe feature point.
The time when PIG passes through the selected reference pipe feature point is used as the
true value of the coordinate z. Therefore, the tracking error of DOF z can be expressed by
marking the time error.

The tracking errors of the experiments are shown in Table 6. In the table, it can be
found that the tracking of the DOF x, y, z and pitch angle are all achieved. The error of
—1.407° in orientation and the error within 10 cm in locating are at least 50% smaller than
6° and 20 cm in [30] and 40 cm in [27].

. "~ GPS Antenna
= wo —

f;/ - | Receiver PCB 2
eceiver PCB 1 /

: Tracking Receiver 1 Tracking Receiver 2

a5

() (b)

Figure 12. The dual receivers are applied in field tests: (a) the dual receivers tracking system, (b) a PIG with an extremely

low-frequency (ELF) transmitter in the pipeline.

Table 6. The tracking errors of the dual receivers tracking system and MFSI algorithm in the field tests.

DOF Pitch Angle x y z
MFSI method —1.407° 112.91 (cm) 182.26 (cm) 13:57:57.848
True value 0° 118.75 (cm) 190.65 (cm) 13:57:57.853
Error —1.407° —5.84 (cm) —8.39 (cm) —4.82 (cm) @

Error (%) - —4.92 —4.40 -

2 In the current pull test, the actual speed of PIG is 0.964 m/s.
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4. Discussion
4.1. The Discussion of the Algorithm Accuracy

Comparing simulation results (Tables 1-3) with experimental results
(Tables 5 and 6), two points can be found. First, the results of the experiments and
simulation are consistent with theoretical analysis, which can prove the feasibility of the
MEFSI algorithm. Second, the tracking accuracy of pitch angle, x, y and z are reduced due
to the existence of pitch angle and the lateral offset and the coupling relationship between
Hy and H,, which can be compensated and optimized by the MFSI method. Compared
to previous studies in references, the tracking accuracy has been improved 2 times by the
dual receivers tracking system with the MFSI algorithm. Especially in the normal case, the
MFSI algorithm improves the accuracy of tracking PIG by 10 times.

There are theoretical bases for the minimum positioning error of the MFSI method.

Firstly, the dual receivers tracking system with the MFSI algorithm uses the symmetri-
cal distribution of the radiation field of the transmitting coil to realize the four-dimensional
tracking of the PIG, while the traditional AGM usually has key position points where errors
may exist. The PIG transmitter, pipeline and soil can be regarded as a cylindrical symmetri-
cal system, and an accurate analytical solution based on the magnetic dipole model can be
obtained in principle. In theoretical analysis, some approximate processing in the process
of analyzing the transmitter’s radiation field will introduce errors. For instance, ignoring
the length of the coil may cause errors in the analysis of the spatial distribution of the
radiated magnetic field directly above the transmitter. The traditional AGM just makes use
of these points where there may be analysis errors. On the contrary, with the transmitter
center as the origin, from the perspective of electromagnetic fields, the symmetry of the
entire system is inevitable. Therefore, it is no error that Hy has the characteristics of origin
symmetry and H, has the characteristics of axis symmetry. The MFSI algorithm is precisely
based on this symmetry, so the accuracy is higher than traditional methods.

Secondly, referring to (8), the MFSI algorithm has its own characteristics of filtering
common-mode noise.

Thirdly, unlike traditional methods that only use a single characteristic data point
(zero magnetic field point) to locate the PIG, the MFSI algorithm utilizes the statistical
characteristics of all data, which can reduce random errors and further improve accuracy.

4.2. The Discussion of the Algorithm Robustness

The dual receivers tracking system and the corresponding MFSI algorithm proposed
in this paper not only have the characteristics of high accuracy, but also strong robustness.
As the ground soil and vegetation change over time, the pipeline may no longer be parallel
to the ground. In addition, considering the invisibility of the underground pipeline,
the receivers may be offset or tilted relative to the pipeline when it is installed. MFSI
algorithm cannot only realize the tracking of four DOFs of a PIG but can also deal with
these various unexpected cases.

4.2.1. The Lateral Offset Case

If it is in the lateral offset case for the receivers as shown in Figure 3a, referring to
Section 2.3.2, the dual receivers tracking system can compensate for the effects of lateral
offset and achieve high-precision tracking of PIG.

4.2.2. The Circumferential Tilt Case

In the case where the receivers are tilted in the x-y plane as shown in Figure 13a, the
coordinate system can be rotated by <y degrees counterclockwise to transform the case into
the lateral offset case as shown in Figure 3b. At this point, the implementation of PIG’s
four-dimensional tracking is exactly the same as in Section 2.3.2, where the lateral offset w;
can be expressed as (21):

w1 = dq sinvy, (21)
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where the d; is the distance between the PIG transmitter and the tracking receiver 1 and -y
is the angle between the axes of the dual receivers and the y-axis.

In this case, the distance between the transmitter and tracking receivers, d1 and dy,
and the distance between the dual receivers r meet the relationship shown in (22).

r = dpcosy — dj cosy. (22)

Y Tracking Receiver 2
Tracking Receiver 1

>
d

> Pipeline &
W X PIG Transmitter z
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Figure 13. The dual receivers are in unexpected cases: (a) the receivers are tilted in the x-y plane, (b) the receivers are tilted

in the y-z plane.

4.2.3. The Axial Tilt Case

It is also possible that the receivers are tilted in the y-z plane as shown in Figure 13b.
Similarly, if the the coordinate system is rotated by 7 degrees counterclockwise, the case
can be transformed into the pitch angle case. The pitch angle « at this time equals to 7,
the angle between the axes of dual receivers and the y-axis. The distance between the
transmitter and tracking receivers, d; and d, and the distance between dual receivers r
meet the relationship shown in (22), in which -y need to be replaced by 7.

In a word, even if the dual receivers are in an unexpected case such as tilt or lateral
offset, the PIG can still achieve accurate 4-D tracking by using the MFSI algorithm. Fur-
thermore, this proves that the dual receivers tracking system and the corresponding MFSI
algorithm are adaptable and robust.

4.3. Discussion on the Cost of the Dual Receivers Tracking System

Compared with the traditional ELF-AGMSs, the complexity and cost of the dual re-
ceivers tracking system proposed in this paper do not increase significantly. There are
usually two orthogonal receiving coils in traditional ELF-AGMs [28-30]. The proposed
tracking system has the same number of receiving coils as the traditional ELF-AGMs with
the orthogonal coils. Therefore, the hardware cost of the designed tracking system has
not increased.

Through vertical layout of the dual receiving coils, the proposed tracking system has
acquired magnetic field signals of different heights, that is, the magnetic field distribution.
Therefore, the position of the magnetic field source can be calculated inversely according to
the electromagnetic field radiation model. In addition, the corresponding MFSI algorithm
uses the magnetic field information of the entire process through which the PIG passes,
instead of using the magnetic field value at a single point. This is equivalent to multiple
sensors distributed along the horizontal line of the pipeline measuring the magnetic
field. Therefore, the complexity and computational time cost of the tracking algorithm
are increased.

Therefore, although the complexity and cost of the tracking system do not increase
significantly, through the new layout of the receiving coils and the MFSI algorithm, the pro-
posed tracking system achieves 4-D tracking of the PIG. At the same time, comparing
results with previous studies in references [27,30], it can be found that the positioning
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accuracy has been improved by more than 50% under the FEM simulations, laboratory
experiments, and field tests with unburied pipes.

Furthermore, although the complexity and cost of the tracking system do not increase
significantly, the robustness of the tracking system is also improved, and accurate 4-D
tracking can be performed even when the receiver is tilted or in the lateral offset case.

5. Conclusions

The traditional AGMs for tracking PIG have the disadvantages of low positioning
accuracy and single tracking dimension. To solve the problem, the paper proposed a
dual-receiver tracking system and a corresponding magnetic field sign-integration (MFSI)
algorithm. The designed dual receivers tracking system is mainly composed of two
vertically distributed receiving coils, which can detect the radiated magnetic field signals
of the transmitting coils at two vertical distances. Based on the magnetic dipoles method,
the paper gives an expression of the radiation magnetic field of the transmitting coil
considering the attenuation effect of the pipeline. Based on the characteristics of the
radiated magnetic field and the structure of the dual tracking receivers, the 4-D tracking
model of the PIG is proposed in three cases, including the normal case, the lateral offset
case and the pitch angle case. Considering that the underground pipeline may be one of
the above three cases or a combination of the three, this paper proposes the MFSI algorithm
that can be used to achieve 4-D tracking of the PIG in any case. The MFSI algorithm in the
above three cases is verified by the finite element simulation. The tracking errors of the
degrees of freedom (DOF) x, y, and z have been reduced from 20 mm in the references to
within 8.17 mm in location. The tracking errors of the DOF pitch angle have been reduced
from 6° in the reference to 0.4° in orientation. The paper also designs a set of physical
experiments to verify the MFSI algorithm in a case that contains both lateral offset and the
pitch angle. The tracking accuracy of the DOF x, y, z, and pitch angle in experiments is
also doubled compared to the references. Finally, the characteristics of the MFSI algorithm,
such as high accuracy and high robustness, have been discussed and demonstrated.

Compared with traditional ELF-AGMs, the dual receivers tracking system and the
corresponding 4-D tracking algorithm based on the MFSI method have three advantages.
First, a single radial coil instead of the orthogonal dual search coils can be used to acquire
the same measurement results. The system complexity is reduced while the reliability
is enhanced. Secondly, the system improves the accuracy by at least 2 times in terms of
positioning and orientation. Thirdly, the system has high robustness and can perform
accurate tracking when the receiver is tilted or in the lateral offset case. In summary,
the dual receivers tracking system and corresponding MFSI algorithm proposed in this
paper can realize the high-precision and four-dimensional tracking and positioning of PIG
in the pipeline.
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Abbreviations

The following abbreviations are used in this manuscript:

PIG Pipeline inspection gauge
AGM  Above ground marker
ELF Extremely low frequency
MDM  Magnetic dipole model
MFL  Magnetic flux leakage
IMU Inertial measurement unit
FEM Finite element model

MFI Magnetic field integration
MFSI  Magnetic field sign-integration
DOF  Degrees of freedom

PCB Printed circuit board

4-D Four-dimensional

Appendix A. Nomenclature of Variables in Equations

H Equation (1) The radiated magnetic field of the transmitting coil
N Equation (1) The number of turns of the transmitting coil

S Equation (1) The cross section area of the transmitting coil

I Equation (1) The excitation current in the transmitting coil

k Equation (1) Wavenumber

(x,y,2) Equation (1)  The coordinate of the field point

ex, ey, ez Equation (1) Unit vectors in Cartesian coordinate system

Hy Equation (2) The amplitude of the magnetic field intensity before attenuation
H Equation (2) The amplitude of the magnetic field intensity after attenuation
« Equation (2) The loss factor

B Equation (2) The phase constant

h Equation (2) The thickness of the pipe wall

n Equation (3) The number of turns of the receiving coil

Se Equation (3) The cross section area of the receiving coil

Ue Equation (3) The effective magnetic permeability of the magnetic core

r Equation (4) The distance between dual receivers

dq Equation (4) The distance between Transmitter and Receiver 1 in y-axis direction
dp Equation (4) The distance between Transmitter and Receiver 2 in y-axis direction
H;i(z) Equation (6) ~ The MFI with respect to pipe axis direction

Himax (¥) Equation (7) The maximum of MFI H;(z)

Himax(d1)  Equation (8) The maximum of MFI H;(z) of Tracking Receiver 1

Himax(d2)  Equation (8) The maximum of MFI H;(z) of Tracking Receiver 2

Hy(z) Equation (10)  The difference of the magnetic field intensity

z1 Equation (12)  The extreme point of magnetic field intensity under the distance d;
2 Equation (12)  The extreme point of magnetic field intensity under the distance d
wo Equation (12)  The initial calculated lateral offset

H.,4 Equation (13)  The radial component of the magnetic field

Hpq Equation (13)  The circumferential component of the magnetic field

@ Equation (13)  The circumferential angle

Tnew Equation (14)  The radial distance between the dual receivers in the lateral offset
dio Equation (14)  The initial calculated value of d;

dpo Equation (14)  The initial calculated value of dy

w Equation (15)  The lateral offset

dn Equation (15)  The distance between Transmitter and Receiver 1 in lateral offset case
dpn Equation (15)  The distance between Transmitter and Receiver 2 in lateral offset case
« Equation (16)  The pitch angle between pipe axis and the ground plane

Hy(z) Equation (16)  The y-axis component of the original magnetic field

H,(z) Equation (16)  The z-axis component of the original magnetic field

Az Equation (17)  The difference of positions corresponding to magnetic maximum

Hisgn () Equation (19)  MFSI of the measured magnetic field
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