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Pipeline robot, as a new type of equipment for pipeline operations such as pigging and detection, will play an increasingly
important role in the operation and maintenance of oil and gas pipeline networks. The tracking and positioning technology
during its operation process is one of the essential topics to improve the operating performance of pipeline robots and
eliminate potential pipeline accidents. This paper presents the overall design of the wireless tracking and positioning system for
pipeline robots based on extremely low frequency (ELF) electromagnetic method using the unmanned aerial vehicle (UAV).
Starting from the classical electromagnetic theory, a mathematical model for the distribution of ELF electromagnetic field in
buried metal pipeline environment is established. According to the characteristics of ELF electromagnetic wave transceiver and
the model based on classical theory, the equivalent magnetic dipole transmission model is deduced. Based on the equivalent
model, the attenuation characteristics of the ELF electromagnetic wave in the external space of the pipeline are analyzed by
numerical simulation. The influence of the geometrical dimensions, environmental and working parameters, and other factors
on the electromagnetic field intensity outside the pipeline is given at the same time. Finally, the distribution of ELF
electromagnetic field in pipeline environment is discussed for horizontal-laying pipeline and inclined-laying pipeline, and the
tracking method of pipeline robot is proposed on this basis. The proposed scheme is practical and effective, and it is suitable
for real-time tracking and positioning of robot working in the pipelines whose slope is no more than 60 degrees with known
or unknown distribution.

1. Introduction

As the primary way of oil and natural gas transportation,
pipeline plays a vital role in industrial production and civil
use. During the laying period and long-term operation, pipe-
lines will inevitably produce dirt sedimentation, deformation,
corrosion, and other hidden troubles, which not only reduce
the transportation capacity and increase the production cost
but also may cause oil or gas leakage and even lead to safety
accidents in severe cases. Consequently, strengthening the
regular cleaning, testing, and maintenance of oil and gas
pipelines is of great significance to ensure the safe operation
and prolong the service life of pipelines. Pipeline robot, rep-

resented by intelligent pig and internal detector, has been
more and more used in the daily maintenance of pipelines
due to its unique advantages and is increasingly becoming
an essential application carrier in pipeline safety assurance
system. However, when the pipeline robot moves in the
pipeline, it may get stuck in the pipe due to the pipeline
deformation, sediment accumulation, the failure of its sys-
tem, etc., which may lead to pipeline blockage, affect the
normal transportation of oil and gas, and even endanger
the safety of pipe network [1]. Therefore, when pipeline robot
performs pigging or inspection operations, technicians need
to grasp its movement status and accurate position in real-
time through effective tracking and positioning technology,
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so as to take corresponding measures to quickly and accu-
rately handle the accident and resume production.

With the development of pipeline robot technology, its
tracking and positioning technology has experienced a pro-
cess from “through instruction”, “accurate positioning” to
“tracking” [2, 3]. “Through instruction”means that the pipe-
line robot sends a specific prompt when passing through a
particular position of the pipeline [4]. The typical imple-
mentation method is mechanical method, and the equip-
ment used is passage indicator. This method has a low-
operating cost, but the false alarm rate is high. It can only
obtain the information of whether the robot passes through
a specific position, but cannot obtain the accurate position
information at its runtime. “Accurate positioning” is to
determine the exact position of the robot by using equip-
ment such as transmitters and receivers based on “through
instruction” in response to accidents such as the jamming
of the robot. Typical implementation methods include mag-
netic method, acoustic method, pressure method, and radio-
isotope method. The principle of the magnetic method is to
install a transmitter that emits an ELF electromagnetic pulse
signal on the robot, detect the pulse signal outside the tube
through the receiving coil, and indicate the location of the
pipeline robot after processing [5–7]. The advantage of this
method is that the signal has strong penetrating power and
can penetrate the soil of the pipe wall. It is suitable for many
occasions, but it has higher requirements for the sensitivity,
response speed, and portability of the receiving device.
Acoustic-based positioning methods include noise method,
acoustic wave feature discrimination method, and ultrasonic
method. Its principle is to record and analyze the acoustic
wave characteristics generated by the pipeline robot when
it is running or to receive the pulse signal emitted by the
ultrasonic transmitter installed on the robot for positioning.
The disadvantage is that the signal attenuation is fast, the
noise signal interference is significant, and the application
range is limited [8, 9]. The pressure method is to realize
positioning through different pressure values detected by
two pressure transmitters when the robot passes. The pres-
sure method can use the pressure and flow data obtained
in the field to judge the operation of the robot, but the mon-
itoring distance is relatively short, which requires high work
experience for operators, and its practicability needs further
research. The principle of the radioactive isotope method is
to install a radioactive source on the robot and indicate the
position of the robot by detecting the rays emitted by the
radioactive isotope tracer [10]. The method has high-
positioning accuracy and strong anti-interference ability,
but it will pose a threat to human health and the ecological
environment.

The technology of “accurate positioning” is generally
used only when the robot has a jamming accident. The com-
plexity and diversity of pipeline engineering promote the
development of pipeline robot technology towards “autono-
mous movement,” “internal and external communication,”
and “measurable position,” so as to expand its application
scope and reduce the risk of pipeline operation. In the pro-
cess of cleaning, flaw detection, and other procedures of
the pipeline robot, when it detects the pipe wall defect or

its system failure, the staff outside the pipe needs to know
its accurate position in the pipe in time, so as to quickly
and accurately troubleshoot and resume operations. There-
fore, the realization of wireless, reliable, and real-time
“tracking” of pipeline robots has become one of the essential
topics to improve the operating performance and practical
value of pipeline robots. In theory, both the magnetic
method and the pressure method can achieve the “tracking”
function. In recent years, the tracking and positioning tech-
nology based on optical fiber vibration has also attracted the
attention of researchers [11]. The technology needs to lay an
optical fiber simultaneously as the pipeline, which will sig-
nificantly increase the cost and limit the engineering test.
Signal processing methods and vibration interference prob-
lems still need further research. In summary, the current
various real-time tracking and positioning technologies have
issues that need to be solved, such as reducing errors, oper-
ability, and cost issues. Further research is required at the
basic theoretical and application levels.

To meet the requirement of real-time tracking and posi-
tioning, this paper presents a design scheme of the wireless
tracking and positioning system for pipeline robots based
on the ELF electromagnetic method using UAV, establishes
the distribution model of ELF electromagnetic field in a
complex pipeline environment, studies the propagation
and attenuation characteristics of ELF electromagnetic wave
through numerical and simulation analysis methods, and
discusses the tracing algorithm of robot under the two con-
ditions of horizontal-laying pipeline and inclined-laying
pipeline, which lays a theoretical foundation for future prac-
tical application of the system.

2. Pipeline Robot Tracing and Positioning
System Using UAV

The tracking and positioning technology studied in this
paper includes two aspects: monitoring real-time motion
state of the robot and indicating its precise position. To
achieve the goal, ELF electromagnetic method with strong
penetrating power for metal pipe wall and soil is a better
choice. Still, traditional technology requires technicians to
follow the pipeline trend for inspection. When the surface
of the pipeline section is a harsh geographical environment
such as rivers, lakes, alpine jungles, marshes, and gorges, it
will bring great difficulties to the tracking and positioning.
In order to design a system that does not require personnel
tracking and can accurately grasp the real-time position
information of the robot, this paper introduces the UAV
technology, which has recently become a research hotspot.
By exploiting its advantages such as flexibility, wide inspec-
tion range, and timely information transmission to the full,
the pipeline robot can be tracked and positioned in real time,
accurately and quickly.

The wireless tracking and positioning system of the pipe-
line robot using UAV is shown in Figure 1. Its working prin-
ciple is as follows: an ELF electromagnetic wave transmitter
is installed on the pipeline robot, and the periodic emission
of ELF electromagnetic pulse is realized by transmitting
antenna (solenoid coil); the time-varying ELF electromagnetic
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field is established in the buried pipeline-ground environment
by the strong penetrability of ELF wave; the receiving antenna
(solenoid coil) carried by the tracking UAV converts the elec-
tromagnetic signal penetrating the metal pipe wall, overlying
soil and air into voltage signal. After amplification and filter-
ing, the electromagnetic field intensity is measured, and the
location of ELF electromagnetic wave emitter is determined,
and then the robot’s position is determined.

When the pipeline robot gets stuck, the UAV can quickly
find and approach the accident point according to the ELF
electromagnetic field signal detected and report the location
and environment of the accident to the operators at the
upstream and downstream stations through the airborne
wireless communication system. The operators can rapidly
formulate the accident treatment plan based on the location,
environmental photos of the incident site, and other infor-
mation received and take timely actions, which significantly
saves staffing and time. If the conditions permit, the UAV
can work in tracking mode. The airborne-receiving device
detects the ELF electromagnetic field signal in real-time, sets
the parameters of flight control system according to the
solution result to maintain the synchronization of flight
tracking path and the robot, and simultaneously reports
the information such as path and speed to operators through
wireless communication, so that operators can keep track of
the movement status of drone and pipeline robot. In the
tracking process, if the abnormal motion status of the robot
is found, such as moving more slowly, etc., the alarm can be
sent out to remind the operator to make an emergency
action plan in time.

The hardware part of the system can be realized by
installing ELF signal transmitting on UAV and receiving
modules on existing robots. The UAV equipped with a
receiver to track and locate the robot can be flexibly selected
by carrying a receiving module according to the working
environment and conditions such as monitoring distance
and flight environment, without developing a unique UAV
system, which will significantly reduce the initial cost of
the system. At the same time, the system can select the acci-
dent location positioning or real-time tracking according to
the operation purpose. Based on experience, the robot does
not need to work every time for real-time tracking, more
importantly, in the event of a robot failure or found abnor-
mal pipeline can accurately obtain its position information.
Compared with the current precise positioning method,

the drone can find the target more quickly and accurately.
The operation range is incomparable to other methods,
and the total operation cost is lower. Currently, the latest
optical fiber early warning system also has high-positioning
accuracy, extensive monitoring range, and low-operating
cost, but the initial cost is enormous. It needs to lay a fiber
with the pipeline at the same time and needs to build a dis-
tributed optical fiber-sensing system [12]. Especially for bur-
ied pipelines that have already been laid, reexcavation to lay
the fiber is not the best option at extra cost. Therefore, con-
sidering the positioning effect, application difficulty, and
economic factors, the pipeline robot tracking and position-
ing system based on UAV has unique advantages.

According to the working principle of the system, it can
be seen that establishing the mathematical model of ELF
electromagnetic field in pipeline environment and analyzing
its distribution and attenuation characteristics are the theo-
retical basis for studying the position relation between the
signal received by UAV (receiving coil) and pipeline robot
(transmitting coil) to realize tracking and positioning, as
well as the basis for the development algorithm of the appli-
cation software of the tracking and positioning system.

3. Distribution Model of the ELF Magnetic
Field in the Buried Pipe-
Ground Environment

3.1. Establishment of Electromagnetic Field Distribution
Model. The environment geometry of the tracking and posi-
tioning system is shown in Figure 2.M1 in the pipeline is the
transmission medium (oil or natural gas), pipe wallM2 is the
ferromagnetic material, M3 is the overlying soil above the
pipeline,M4 is the air layer, and the anticorrosion insulation
layer is ignored. The electromagnetic parameters of each
layer are fεi, μi, σig (i = 1, 2, 3, and 4), εi is the permittivity,
μi is the permeability, σi is the conductivity, and assuming
that each layer is homogeneous and isotropic. The inner
diameter of the buried pipeline is r1, the external diameter
is r2, the distance between the surface and pipeline axis is r3
, and the thickness of the buried medium (overlying soil) is
h = r3 − r2. The transmitting solenoid coil S on the robot is
placed on the central axis of the pipeline by default, the dis-
tance from the surface is r3; its radius a is far less than the dis-
tance between the transmitting coil and the receiving coil and

Pipeline

ELF signal generator Pipeline robot

UAV

Host computer

Upstream station Downstream station

Figure 1: Wireless tracing and positioning system of pipeline robot using UAV.
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far less than the length of the transmitting coil 2 l; the number
of coil turns is N , and the number of turns in unit length is n;
the exciting current is I = I0e

−jωt , where ω is the current
angular frequency. The cylindrical-coordinate system is
established with the coil center as the origin, and the Z axis
is on the central axis of the pipeline. The coordinate of the
receiving coil on the UAV is Pðρ, θ, zÞ, the space vector from
the transmitting coil center to the receiving coil is R = rer ,
and the distance is r = ðρ2 + z2Þ1/2. The magnetic field distri-
bution generated by the transmitting coil is axisymmetric.

The electric field intensity in the four-layer medium is E1,
E2, E3, and E4, and the magnetic field intensity is H1, H2, H3,
and H4, respectively. Due to the different properties of the
two media, the field quantities varies at the interface. Know-
ing from the electromagnetic theory, the tangential and nor-
mal components of electric field E, D and H, B of magnetic
field are continuous at the interface of transmission
medium-pipe wall, pipe wall-overlying soil, and overlying
soil-air in the cylindrical-coordinate system. When the trans-
mitting solenoid coil is placed horizontally along the axis of
the pipe, for the axisymmetric medium environment, the
electric field intensity has only Eθ component, while the mag-
netic field intensity has Hρ and Hz components. According
to the Helmholtz equation, the expression of electric field
intensity in each layer can be obtained by using the method
of separation of variables as follows:

E1θ ρ, zð Þ = −
jωμ1M
2π2

ð∞
0

A1 λð ÞJ1 ρx1ð Þ + x1Y1 ρx1ð Þ½ � cos λzð Þdλ,

E2θ ρ, zð Þ = −
jωμ2M
2π2

ð∞
0

A2 λð ÞJ1 ρx2ð Þ + B2 λð ÞY1 ρx2ð Þ½ � cos λzð Þdλ,

E3θ ρ, zð Þ = −
jωμ3M
2π2

ð∞
0

A3 λð ÞJ1 ρx3ð Þ + B3 λð ÞY1 ρx3ð Þ½ � cos λzð Þdλ,

E4θ ρ, zð Þ = −
jωμ4M
2π2

ð∞
0
B4 λð ÞY1 ρx4ð Þ cos λzð Þdλ:

ð1Þ

From H = 1/jωμ∇× E, the expression of magnetic field
intensity in each layer can be obtained as follows:

H = eρ −
1
jωμ

∂Eθ

∂z

� �
+ ez

1
jωμ

Eθ

ρ
+
∂Eθ

∂ρ

� �� �
: ð2Þ

The mathematical model of ELF electromagnetic field
distribution under buried pipeline environment is obtained
by expanding the expression as follows:

H1ρ ρ, zð Þ = −
M
2π2

ð∞
0
λ A1 λð ÞJ1 ρx1ð Þ + x1Y1 ρx1ð Þ½ � sin λzð Þdλ,

H1z ρ, zð Þ = −
M
2π2

ð∞
0
x1 −A1 λð ÞJ0 ρx1ð Þ + x1Y0 ρx1ð Þ½ � cos λzð Þdλ,

H2ρ ρ, zð Þ = −
M
2π2

ð∞
0
λ A2 λð ÞJ1 ρx2ð Þ + B2 λð ÞY1 ρx2ð Þ½ � sin λzð Þdλ,

H2z ρ, zð Þ = −
M
2π2

ð∞
0
x2 −A2 λð ÞJ0 ρx2ð Þ + B2 λð ÞY0 ρx2ð Þ½ � cos λzð Þdλ,

H3ρ ρ, zð Þ = −
M
2π2

ð∞
0
λ A λð ÞJ1 ρx3ð Þ + B3 λð ÞY1 ρx3ð Þ½ � sin λzð Þdλ,

H3z ρ, zð Þ = −
M
2π2

ð∞
0
x3 −A3 λð ÞJ0 ρx3ð Þ + B3 λð ÞY0 ρx3ð Þ½ � cos λzð Þdλ,

H4ρ ρ, zð Þ = −
M
2π2

ð∞
0
λB4 λð ÞY1 ρx4ð Þ sin λzð Þdλ,

H4z ρ, zð Þ = −
M
2π2

ð∞
0
x4B4 λð ÞY0 ρx4ð Þ cos λzð Þdλ,

ð3Þ

where M = πa2NI is the magnetic moment of the transmit-
ting solenoid coil, λ is an arbitrary real variable, J0 and J1
are the first kinds of modified Bessel functions, Y0 and Y1
are the second kinds of modified Bessel functions, and Ai
and Bi are the undetermined coefficients which are derived
from initial excitation conditions and boundary conditions,

xi = ½λ2 − ðω2μiεi + jωμiσiÞ2�
1/2
.

Therefore, when the receiving coil Pðρ, θ, zÞ in the UAV
is placed vertically (the transmitting coil is parallel to the
pipe axis and the receiving coil is perpendicular to the trans-
mitting coil, as shown in Figure 3(a)), the magnetic field
component of the ρ direction is mainly received, and the
induced electromotive force obtained is as follows:

εv ρ, θ, zð Þ = −
∂ΦV

∂t
= −

jωμ4MA cos θv
2π2

ð∞
0
x4B4 λð ÞY0 ρx4ð Þ cos λzð Þdλ:

ð4Þ

When the receiving coil Pðρ, θ, zÞ in the UAV is placed
horizontally (the transmitting coil is parallel to the pipe axis,
and the receiving coil is parallel to the transmitting coil, as
shown in Figure 3(b)), the magnetic field component of
the z direction is mainly received, and the induced
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Figure 2: The environment geometry of the tracking and
positioning system.
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electromotive force obtained is as follows:

εh ρ, θ, zð Þ = −
∂ΦH

∂t
= −

jωμ4MA cos θh
2π2

ð∞
0
λB4 λð ÞY1 ρx4ð Þ sin λzð Þdλ,

ð5Þ

where A is the cross-sectional area of the receiving coil, θv is
the angle between the cross-sectional normal and the pipe-
line axial direction when the receiving coil is placed verti-
cally on the ground, and θh is the angle between the cross-
sectional normal and the pipeline radial direction when the
receiving coil is placed horizontally.

3.2. Dipole Equivalent Magnetic Model. It can be seen from
the above derivation process that the inversion method
of transmitting source position by using the precise model
to calculate the electromagnetic distribution at a certain
point provides a theoretical basis for the subsequent
research. Still, the computational process is too complex
and not conducive to real-time analysis. Therefore, it is
necessary to seek an equivalent model for analysis and
calculation.

When the geometrical size of the transmitting coil (sole-
noid) is much smaller than the detection range, the length of
the solenoid is much larger than the radius of the solenoid,
and the excitation magnetic field is ELF field (or quasistatic
field); the electromagnetic field generated by the excitation
source can be equivalent to that generated by a magnetic
dipole composed of a pair of point magnetic charges ±qm
with equal quantity and opposite sign [13].

Bessel function in the precise model, Formula (3) is written
in power series first, and the expression is expanded by Bessel
integral formula. Under the far-field condition, i.e., ðρ, zÞ≫ ða
, lÞ, the series expression converges rapidly, so only the n = 0
term is needed in the series expressions of radial and axial mag-
netic field intensity, which is the precondition of using the
equivalent magnetic dipole model. When n = 0, the radial and
axial components of the magnetic induction intensity at the

receiving coil Pðρ, θ, zÞ can be deduced as follows:

Bρ ρ, zð Þ = nμ0Ia
2ρ

4
1

r2 − 2lzð Þ3/2
−

1
r2 + 2lzð Þ3/2

" #
=

μ0m
4πr5

∙3ρz,

Bz ρ, zð Þ = nμ0Ia
2

4
z − l

r2 − 2lzð Þ3/2
−

z + l

r2 + 2lzð Þ3/2
" #

=
nμ0Ia

2

4r3
2l
r2

2z2 − ρ2
À Á� �

=
μ0m
4πr5

∙ 2z2 − ρ2
À Á

,

ð6Þ

i.e.,

Bs = Ber = Bρ
2 + Bz

2À Á1/2
er =

μ0
4πr5

3 m∙Rð ÞR − r5m
Â Ã

, ð7Þ

wherem = 2lnπa2I is the magnetic moment of the transmitting
solenoid coil.

The Formula (7) is precisely an expression of the magnetic
field generated by a magnetic dipole with the magnetic moment
m = ezm in cylindrical-coordinate system. It shows that it is the-
oretically feasible to use the equivalent magnetic dipole model
when calculating the magnetic field in the far-field region.

According to Hρ ðρ, zÞ, Hz ðρ, zÞ obtained above, numer-
ical simulation of spatial magnetic field distribution is carried
out in the X-o-Z plane. The selected parameters are as follows:
n = 10 turns/mm, l = 500mm, a = 50mm, I = 0:3sinð46πtÞA,
taking the free space permeability μ0 = 4π × 10−7. When the
receiving coil is ρ = 8m away from the pipeline axis, the
variation curve of the amplitude jHj of the magnetic field
intensity component with z is shown in Figure 4.

It can be seen from Figure 4(a) that the component Hρ of
the spatial magnetic induction intensity in the ρ direction gen-
erated by the equivalent magnetic dipole model presents a
double-peak symmetric distribution in the axial direction of
the pipeline. Near the center of the transmitting coil, the com-
ponent of magnetic induction intensity in the ρ direction is the
global minimum value; as the distance from the central point
increases, the element of the magnetic induction intensity in
this direction also increases, and two maximum signals can
be detected at the front and rear positions of the transmitting
coil. That is, in the case of single-coil reception, when the
receiving coil moves directly above the transmitting coil, the
detected signal is the weakest; when the receiving coil moves
away from the transmitting coil, the detected signal is
strengthened accordingly, which is the theoretical basis of
positioning the pipeline robot with ELF electromagnetic wave.
It can be seen from Figure 4(b) that the component Hz of
magnetic induction intensity in the z direction presents a
main-peak symmetric distribution and has a global maximum
value near the center of the transmitting coil; that is, a global
maximum signal can be measured in the z direction when
the receiving coil is directly above the transmitting antenna,
and there are two local maximum signals at the front and rear
positions of the transmitting coil. The depth information of
the transmitting coil can be obtained by measuring the ampli-
tude width of the global maximum signal.

x

zTransmitting
coil 

Receiving
coil 

−

+

(a)

x

z
Transmitting

coil 

Receiving
coil

(b)

Figure 3: Coil relative position diagram.
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4. ELF Electromagnetic Wave
Attenuation Model

ELF electromagnetic field propagates outward in the form of
wave. When ELF electromagnetic wave passes through con-
ducting medium, part of it is absorbed by the medium, which
causes electromagnetic wave attenuation, and part of it is
consumed in the form of heat. In this section, the attenuation
model of ELF electromagnetic wave in the buried pipe environ-
ment is derived using the equivalent magnetic dipole model.

The expression of the ELF magnetic field intensity in
lossy medium can be obtained from the equivalent dipole
model according to the wave equation

Hr =Hse
−αde−jβd =

Bs

μ0
e−αde−jβd , ð8Þ

where α is the attenuation constant, indicating the attenua-
tion of the amplitude of the wave per unit length in the
direction of propagation, and β is the phase-shift constant,
meaning the change of the wave’s phase per unit length in
the direction of propagation.

α = ω
με′
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 +

ε′′
ε′

 !2
vuut − 1

2
4

3
5

8<
:

9=
;

1/2

,

β = ω
με′
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 +

ε′′
ε′

 !2
vuut + 1

2
4

3
5

8<
:

9=
;

1/2

,

ð9Þ

where ε’ = ε, ε” = σ/ω, and ω = 2πf are angular frequency,
μ is magnetic permeability, ε is the dielectric constant of the
medium, and σ is the electrical conductivity of the medium.
The phase lag effect in low frequency electromagnetic wave
transmission can be neglected, and the attenuation of ampli-
tude is only needed care. The expression of α can be simpli-
fied for different mediums passing through the ELF
electromagnetic wave propagation path.

In practice, if ε”/ε’ > 102, the medium can be considered
as a good conductor, such as pipe wall and overlying soil
(especially for moist soil), and α can be approximated as

α ≈ ω

ffiffiffiffiffiffiffiffi
με′′
2

s
=

ffiffiffiffiffiffiffiffiffi
ωμσ

2

r
=

ffiffiffiffiffiffiffiffiffiffiffi
πf μσ

p
: ð10Þ

It can be seen from the Formula (10) that α increases
with the increase of σ and transmitting frequency f . The
ability of electromagnetic wave to penetrate the conductor
is described by skin depth δ = 1/α; that is, the thickness of
electromagnetic wave propagating when the amplitude of
wave decreases to 0.37 times of the initial value. In order
to penetrate the metal pipe wall, the thickness of the pipe
wall must be guaranteed to be less than the skin depth. In
order to penetrate the metal pipe wall, it must ensure that
the wall thickness is less than the skin depth.

d < δ =
1
α
=

1ffiffiffiffiffiffiffiffiffiffiffi
πf μσ

p : ð11Þ

Therefore, f < 1/ðd2πμσÞ indicates that increasing the
skin depth by reducing the emission frequency can improve
the penetration ability of electromagnetic waves.

If ε”/ε’ < 10−2, the medium can be considered as low-loss
dielectrics, such as transmission fluid and air, and α can be
approximated as

α ≈
ωε′′
2

ffiffiffiffi
μ

ε′

r
=
σ

2

ffiffiffi
μ

ε

r
: ð12Þ

In low-loss dielectric, β is the same as in the case of loss-
less, and α is independent of frequency. Then, in the buried
pipeline environment, the pipe wall is regarded as a good
conductor, and the transmission fluid, soil, and air are con-
sidered as low-loss dielectric. The expression of ELF electro-
magnetic wave from the transmitting coil to the receiving
coil obtained by using the equivalent magnetic dipole model
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Figure 4: Variation of magnetic field intensity jHj with z.
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is as follows:

Hr =Hse
−αde−jβd =

1
4πr5

Á 3 m∙Rð ÞR − r2m
Â Ã

e−r1σ1/2
ffiffiffiffiffiffiffiffi
μ1/ε1

p
e−

ffiffiffiffiffiffiffiffiffiffiffi
πfμ2σ2

p
de−

ffiffiffiffiffiffiffiffiffiffiffi
πfμ3σ3

p
he− ρ−r3ð Þσ3/2

ffiffiffiffiffiffiffiffi
μ3/ε3

p
:

ð13Þ

5. Analysis of the Influencing Factors of ELF
Electromagnetic Field

Based on the above analysis, this section studies the effects of
environmental parameters and working parameters on the
ELF electromagnetic field intensity through numerical simula-
tion. The research results will provide a theoretical basis for the
selection of transmitter frequency, the optimization design of
transmitting coil and receiving coil, the subsequent positioning
algorithm research, and field experiments in the future.

In the buried pipeline environment, the electromagnetic
constitutive parameters of each layer through which the elec-
tromagnetic wave passes are shown in Table 1. For both crude
oil pipelines and gas pipelines, e−r1σ1/2

ffiffiffiffiffiffiffiffi
μ1/ε1

p
≈ 1 can be obtained

by substituting the parameters in the table; that is, the medium
in the pipeline will not cause the attenuation of electromag-
netic wave. Similarly, for the air layer, e−ðρ−r3Þσ3/2

ffiffiffiffiffiffiffiffi
μ3/ε3

p
≈ 1; that

is, the air layer will not cause the rapid attenuation too. There-
fore, the following analysis mainly considers the influence of
pipe wall and overlying soil layer on electromagnetic wave
transmission. The selection of transmitting antenna and envi-
ronment parameters is shown in Tables 2 and 3.

Without losing generality, the simulation calculation is
carried out with the receiving antenna located directly above
the transmitting antenna. The influence of different pipe thick-
nesses and overlying soil thicknesses on the received magnetic
field intensity is analyzed, as shown in Figures 5 and 6.

Table 1: Electromagnetic constitutive parameters (low frequency and room temperature).

Medium Relative permittivity (εr) Conductivity (σ) Relative permeability (μr)

Oil M1 2.1 3 × 10 − 13 1

Gas M1 33.1 1 × 10−16 1

Metal pipe (carbon steel) M2 ∞ 1 × 107 10-300

Overlying soil (moist) M3 16 1 × 10−2 1

Air M4 1.0006 1 × 10−16 1

Notes: ε = εrε0, ε0 = 8:854 × 10−12F/m, μ = μrμ0, and μ0 = 4π × 10−7H/m.

Table 2: Transmitting antenna parameters.

Length (mm) Coil radius (mm) Coil turns (mm) Excitation current (A) Frequency (Hz)

500 50 20 0.3sin(50πt)A 10~ 100

Table 3: Environment parameters.

Internal diameter of the pipeline (mm) Pipe thickness (mm) Overlying soil thickness (m) Elevation (m)

800 0~ 60 0~ 6 5
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Figure 5: Effect of pipe thickness.
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Figure 5 shows the exponential decay curve of the
received magnetic field intensity with the increase of the pipe
thickness when the transmitting frequency is 25Hz and the
overlying soil thickness is 2m. Figure 6 shows the exponen-
tial decay curve of the received magnetic field intensity with
the increase of overlying soil thickness when the transmit-
ting frequency is 25Hz and pipe thickness is 12mm. It can
be seen from the gradient of the two decay curves that the
pipe thickness has a more significant attenuation on the
magnetic field intensity. When designing the transmitting
and receiving antenna, the influence of the pipe size and
burial depth on the robot positioning should be fully
considered.

Figure 7 shows the decay curve of the received magnetic
field intensity with the increase of transmitting frequency
when pipe thickness is 12mm and overlying soil thickness
is 3m. The attenuation of the magnetic field intensity is
more linear and smoother. However, the lower the fre-
quency is not the better. For a transmitting antenna in a
moving state, too low frequency will reduce the resolution
of the receiving antenna signal processing. Figure 8 shows
the exponential decay curves of the received magnetic field
intensity with the increase of relative permeability and con-
ductivity when the transmitting frequency is 25Hz, pipe
thickness is 12mm, and overlying soil thickness is 3m.
The electromagnetic parameters, such as relative permeabil-
ity and conductivity, are determined by the material proper-
ties of pipelines, including the carbon content and the
doping of alloys. In addition, the variation characteristics
of the surrounding conductivity and permeability of pipes
with cathodic protection or corrosion need special attention.

6. Tracking and Positioning Method under
Different Pipeline-Laying Conditions

The deduction and analysis are carried out when the trans-
mitting antenna and the receiving antenna are perpendicular
or parallel to each other and in the same plane. Still, in more
general, the laying of buried or submarine pipelines is more
complex and changeable. When the robot runs in the pipe,
the axis direction of the transmitting coil can be approxi-
mately parallel to the axis direction of the pipeline, but the
direction of the pipeline itself is constantly changing, so
the relative position between the receiving antenna outside
the pipeline (horizontal and vertical) and the transmitting
coil is also changing, and the distribution law of the spatial
magnetic field is also changing. Then, the positioning
method of the pipeline robot is discussed in more general
cases aiming at horizontal laying of pipelines and inclined
laying of pipelines.

6.1. Horizontal Pipeline Environment. The distribution of the
magnetic field in horizontal laying of pipeline is analyzed
first. The axis of the transmitting solenoid coil is always par-
allel to the axis of pipeline by default; that is, the transmit-
ting antenna is in the horizontal position. The receiving
antenna is still in the vertical or horizontal direction to mea-
sure the horizontal and vertical components of magnetic
field intensity, but it is not necessarily in the same plane as

the transmitting antenna. The combination of horizontal
transmission and vertical reception is shown in Figure 9.
For the convenience of intuitive analysis, the output voltage
of the receiver is directly used to represent the received mag-
netic field intensity, and the influence of the different relative
positions on the voltage change is mainly discussed.

Based on the analysis of the ELF electromagnetic field
distribution model, the components received in three direc-
tions (regardless of the position of the receiving antenna)
can be obtained

Hx =
3M
4πl2r

sin3α cos α cos3β,

Hy = −
3M
4πl2r

sin2α cos α sin β cos2β,

Hz
M

4πl2r
sin2α cos2β 3 cos3α − 1

À Á
:

ð14Þ

The relationship between the output voltage of the sen-
sor and the relative position of the transmitting antenna
and the receiving antenna (represented by a, β, l, and r) is
as follows:

Uv = CHx =
3CM
4πl2r

sin3α cos α cos3β, ð15Þ
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where C is the signal gain coefficient of the receiving sensor,
and in this case, C = 150V/T; M is the equivalent magnetic
moment considering the attenuation caused by the pipe
thickness and overlying soil, taking M = 30A · m2; l = 5m,
α ∈[0, 180°], and β ∈ ½−90 ° , 90 ° �.

The distribution and plane isogram of Uv with the
change of relative position under horizontal transmission-
vertical reception is shown in Figure 10. It can be seen from
the figure that the distribution of jUvj shows a double-peak
characteristic, which is the same as the distribution feature
on the X-o-Z plane obtained in the preceding. The UAV
receives the electromagnetic field signal during the position-
ing process. According to the distribution regulation shown
in the figure, UAV always travels along the gradient direc-
tion (the direction of the fastest descent or ascent of signal
intensity) and explores the peak and trough positions shown
in the figure. The midpoint of the peak and trough is the
position directly above the robot. If the voltage is taken as
an absolute value, the trough becomes a peak, and the robot
is at the midpoint of the two peaks.

When the horizontal-receiving mode is adopted, the
receiving antenna is parallel to the ground during the flight,
but the course is not necessarily the same as the direction of
the pipeline; that is, the axis of the receiving antenna and the
axis of the transmitting antenna may produce a certain angle
γ on the same horizontal plane. γ = 0 ° , the receiving
antenna axis, is parallel to the transmitting antenna axis,
and γ = 90 ° , the receiving antenna axis, is vertical to the
transmitting antenna axis, as shown in Figure 11.

The output voltage of the sensor under this working con-
dition is

Uh = CHh = C Hz cos γ −Hy sin γ
À Á

=
3Cm
4πl2r

sin2α cos2β

Á 3 cos3α − 1
À Á

cos γ − cos α sin β sin γ
Â Ã

:

ð16Þ

The distribution and plane isogram of Uh with the change
of relative position under horizontal transmission-horizontal
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reception is shown in Figure 12. When γ = 0 ° , it can be seen
that the distribution of Uh has single peak and double troughs
and the absolute output voltage has a global maximum value
with two local maximum values on both sides of it, which is
the same as the analysis conclusion on the two-dimensional
plane. When tracking and positioning, the UAV searches for
the global maximum value along the steepest ascent curve of
the output voltage amplitude to locate the pipeline robot.
When γ increases gradually, the contour deflects and the posi-

tions of local maximum values rotate. The troughs represent-
ing the global maximum gradually change from single trough
to connected trough, and finally forms double troughs. When
γ = 90 ° ; that is, the axis of receiving antenna is perpendicular
to the direction of the pipe; two global maximum values and
two local maximum values are distributed at an equal interval
of 45°. To sum up, the vertical reception should be used pri-
marily in the positioning process by finding the midpoint of
the peak and trough. Then, the horizontal reception is used
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Figure 11: Horizontal transmission-horizontal reception.
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as the supplement by searching for the maximum value of the
sensor output signal to adjust the course of the UAV and assist
the position verification.

6.2. Inclined Pipeline Environment. In the practical long-
distance pipeline-laying process, affected by rugged terrain,
obstacles, and other factors, it is difficult for the pipeline to
keep parallel with the horizontal plane for a long distance,
and there are a lot of slopes and corners. Therefore, it is nec-
essary to study the electromagnetic field distribution charac-
teristics in the case of the inclined pipeline. As shown in
Figure 13, the angle between the pipeline and the horizontal
plane (inclination angle) is θ, and θ ∈ ½0 ° ~ 90 ° � has the fol-
lowing relationship:

r =
l

sin θ cos α + cos θ sin α cos β
: ð17Þ

The components received in three directions can be
obtained

Hx =
3M
4πl3

sin α cos α cos β sin θ cos α + cos θ sin α cos βð Þ3,

Hy =
3M
4πl3

sin α cos α sin β sin θ cos α + cos θ sin α cos βð Þ3,

Hz
M

4πl3
3 cos2α + 1
À Á

sin θ cos α + cos θ sin α cos βð Þ3:
ð18Þ

Considering the vertical-receiving mode shown in
Figure 13, the vertical magnetic field intensity is as follows:

Hv =Hx cos θ +Hz sin θ: ð19Þ

The relationship between the output voltage of the sen-
sor and the relative position of the pipeline-receiving

antenna is as follows:

Uv = CHv =
CM

4πl3
sin θ 2 cos2α − sin2α

À Á
+ 3 cos θ sin α cos α cos β

Â Ã
Á sin θ cos α + cos θ sin α cos βð Þ3:

ð20Þ

The distribution and plane isogram of Uv with the
change of relative position under inclined transmission-
vertical reception is shown in Figure 14. It can be seen
from the figure that when the gradient of pipeline is small,
such as θ = 10 degrees (see Figures 14(a) and 14(b)), the
peak-trough characteristic is still apparent, and the pipe-
line robot can be located by finding the midpoint of the
wave peak and trough; when the pipeline gradient
increases gradually (see Figure 14(c)), the wave peak top-
ples and falls to the side of the trough, and the trough
rises gradually (corresponding amplitude gets gradually
smaller); when θ > 60 ° (see Figure 14(d)), the trough dis-
appears and the peak appears only at the position where
the receiver is far from the robot; and when θ > 80 °
(Figure 14(e)), the wave peak and trough have disap-
peared, and it is not easy to locate the position of the
robot. However, considering that the gradient of long-
distance pipeline is generally not more than 45° in prac-
tice, ELF tracking and positioning method is still available.

When the receiving antenna is parallel to the ground, as
shown in Figure 15, the angle between the axis of the receiv-
ing antenna and the axis of the transmitting is still γ. The
magnetic field intensity in the horizontal direction is

Hh =Hz cos θ cos γ −Hy sin γ −Hx sin θ cos γ: ð21Þ

The output voltage of the sensor under this working
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Figure 13: Inclined transmission-vertical reception.
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condition by substituting Formula (18) is

Uh = CHh =
CM

4πl3
cos θ 2 cos2α − sin2α

À Á
cos γ − 3 cos θ sin α cos α cos β cos γ

Â
+ 3 sin α cos α cos β sin γ� sin θ cos α + cos θ sin α cos βð Þ3:

ð22Þ

There are four variables α, β, γ, and θ in the above formula,
so the distribution of Uh is complicated. Figure 16 shows the
distribution and plane isogram of Uh when θ = 20 ° , 40°,

and 60° under γ = 0 ° , 30°, 60°, and 90°, respectively. It can
be seen from the figure that when θ = 20 ° (see
Figure 16(a)), the distribution of the global maximum
(trough) and local maximum (peak) is pronounced. With
the increase of γ, the positions of the two peaks are deflected,
and the trough is gradually split into two troughs, and finally
evolve into double peaks and double troughs. The robot is at
the midpoint of the peak and trough, which can be used for
positioning. When θ = 40 ° (see Figure 16(b)), there is only
one global maximum value (single trough) under γ = 0 ° .
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The position of the trough deflects to the rear of the robot, and
a local maximum (peak) is generated, which increases with γ.
The axial position of the pipe can be judged by the midpoint of
the wave and trough. Although the precise position of the
robot cannot be located, it can be considered whether it is in
front or rear of the UAV. When θ = 60 ° (see Figure 16(c))
and if γ is small, only the global maximum (single trough)
can no longer locate the robot and the direction of the pipeline
cannot be determined; if γ is further increased, a local maxi-
mum value (peak) appears, and the boundary line of the peak
and valley is the pipe axis. Therefore, when the pipeline gradi-
ent is large, the horizontal-receiving antenna can hardly locate
the pipeline robot. Still, it can help the UAV to return to the
pipeline direction when it is yawing. At the same time, as men-
tioned above, the practical pipeline does not have such a large
gradient.

7. Conclusion

The tracking and positioning of pipeline robot are closely
related to the safe and reliable operation of pipeline
cleaning and inspection equipment loaded by the robot.
The tracking and positioning system using UAV pre-
sented in this paper is to improve the automation level
and engineering applicability of pipeline robot and meet
the urgent needs of trenchless detection and risk-
elimination in pipeline engineering. The mathematical
model of the ELF electromagnetic field distribution in

the metal pipe environment established from classical
electromagnetic theory provides a theoretical basis for
the equivalent magnetic dipole model to describe the real
system. The equivalent model is used to analyze the
influence of electromagnetic parameters, geometrical
dimensions, and transmitting frequency on the ELF elec-
tromagnetic field distribution characteristics in engineer-
ing pipeline environment. The investigation of ELF
electromagnetic field distribution law under two condi-
tions of laying pipeline horizontally and laying pipeline
inclined is the prerequisite of realizing the accurate posi-
tioning of pipeline robot. The tracking method of moving
robot inside the pipeline based on this research has the
advantages of convenience, efficiency, and high accuracy,
which not only ensures the safe operation of robot but
also provides convenient conditions for pipeline construc-
tion operation such as excavation, maintenance, and
robot’s removal when blocking accidents occur. The
tracking and positioning method is mainly studied by
numerical analysis in this paper, and the engineering
application of the technology will be discussed in-depth
in the future.
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included within the article.
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