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Abstract The magnetic field distribution of an emission

antenna is studied in this paper. When the slenderness

ratio of the emission antenna is high, the emission antenna

can be simplified as a magnetic dipole for practical

application. The numerical results of the magnetic dipole

magnetic field show that the magnetic magnitude distri-

bution has a hump-shape, whose direction is perpendi-

cular with the antenna axis direction. A localization

method based on the hump-shape signal detection is

presented. The experimental result shows that the preci-

sion can reach a value of¡5 cm. The method can be used

to localize a pipeline robot working in a metal pipe.

Keywords low frequency electromagnetic wave, mag-

netic dipole, localization, pipeline robot

1 Introduction

Along with the development of pipeline transportation,

the requirement of pipeline inspection becomes much

higher especially for inner pipeline destructive inspection

and pipeline clearance. Because a pipeline has the

particularities of obstruction, anoxic condition and

narrow space, it is difficult to conduct pipeline inspection

using manual methods given such poor conditions. Thus,

the technology of using pipeline robots has been widely

adopted in the fields such as metal pipeline welding line

inspection, urban water pipeline inspection and oil

transportation pipeline inspection [1–4].

Oil from the seabed has to be transported in a pipeline

buried underneath. Therefore, the inspection and on-line

maintenance of seabed oil transporting pipeline are

significant for the exploration of sea oil. A seabed

pipeline robot moves in the pipeline and inspects the

pipeline with sensors using inner source mode. Manual

disposal and succor is in demand when there are

deficiencies in the pipeline or when there is a malfunction

in the robot. Thus, handlers outside the pipeline should

know the precise location of the robot and then take

corresponding measures. Therefore, outer localization of

the inner moving robot has become one of the most

important technologies in practical applications.

Moreover, it is one of the most important issues in the

industrialization of pipeline robots.

The traditional localization method is to use c ray

which has a good performance of penetration. Because c
ray is radioactive, it can not only destroy the sea

environment, but also do serious harm to the health of

the handlers. Because ultra-low-frequency electromag-

netic wave provides good penetration in the steel

pipeline, mud, and water, it has been widely used in the

fields of pipeline engineering, mine communication,

object localization, and measurement [5–10]. This paper

analyzes the magnetic field distribution of an ultra-low-

frequency (ULF) electromagnetic wave and magnetic

dipole model. That is, when the distance between the field

point and the axis of emission coil stays invariable, the

amplitude of the magnetic field intensity that is vertical to

the emission antenna direction has a hump-shape with

the changed horizontal distance. Based on the rule of

hump-shape, a method for the location of the inner

mobile robot from outside the pipeline is proposed.

2 The magnetic field of emission antenna

Because the frequency of ultra-low-frequency electro-

magnetic wave is much lower, the radiant process of the
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electromagnetic wave is fulfilled via the changing

magnetic field of an emission coil. Therefore, analyzing

the magnetic field of an emission coil is one of the

theoretical principles of studying the signal magnitude of

a receiving antenna along with the changing of the

antenna location. Moreover, it is the theoretical argu-

ment for inspecting the location of the inner mobile robot

outside the pipeline with ultra-low-frequency electromag-

netic wave.

An ultra-low-frequency electromagnetic wave emission

antenna can be regarded as a compact solenoid of a finite

length. Traditional teaching materials [11] and a good

number of literature only present the magnetic field

distribution of the axis direction of a solenoid of infinite

length or finite length. However, in practical application,

the length of the solenoid is finite, therefore we should

analyze the magnetic field distribution of a solenoid with

finite length.

Taking the center of the solenoid as the origin of the

coordinates and the axis direction of the solenoid as z

axis, we can set up an Oxyz Cartesian coordinate system,

as shown in Fig. 1. The length of the solenoid is 2l, the

radius is r, current is I, and the number of the circular

loop wire is n.

The magnetic field distribution of the solenoid is

reflection-symmetric, so the magnetic field distributions

of the field points, which are vertical to the axis plane and

with equal distances to axis, have the same amplitude and

symmetrical directions. For convenient analysis

without losing generality, discussing magnetic field

distribution of field points in Oxz plane can directly set

up the integrated magnetic field distribution of the

solenoid.

According to the Biot-Savart law [11], the magnetic

field intensity dB at field point A(x0, 0, z0), which is

generated from the unit current line IdL at point C

(Rcosh, Rsinh, z), can be expressed in Eq. (1):

dB~
m0
4p

IndzdL|r

r3
: ð1Þ

Here, I is the current of the circular line, n is the

number of the circular loop wire, r is the radius of the

circular line, and m0 is the magnetic conductive rate in

free space.

By using vector calculation and Eq. (1), the magnetic

filed dB can be written as Eq. (2):

dB~
m0
4p

IndzdL|r

r3

~
m0
4p

Indz {R sin hdhizR cos hdhjð Þ
x0{R cos hð Þ2z {R sin hð Þ2z z0{zð Þ2

� �3=2

| x0{R cos hð Þiz {R sin hjð Þz z0{zð Þk½ �: ð2Þ

Here, h is the angle between the x axis and radius at point

C.

Then, according to Eq. (2), the components dBx and

dBz along x and z axis of dB can be written as:

dBx~
m0Indz

4p

z0{zð ÞR cos h

R2{2R cos hx0zx20z z0{zð Þ2
� �3=2

dh, ð3Þ

dBz~
m0Indz

4p

R R{x0 cos hð Þ
R2zx20{2R cos hx0z z0{zð Þ2

� �3=2
dh: ð4Þ

Carrying out the integral on Eq. (3), then the component

Bx along the x axis of B can be written as follows:

Bx~
m0In

4p

ðl
{l

dz

ðp
{p

R z0{zð Þ cos hdh
R2{2R cos hx0zx20z z0{zð Þ2

� �3=2

~
m0InR

4p

ðp
{p

f hð Þdh, ð5Þ

where

f hð Þ~ cos h

R2{2R cos hx0zx20
� �1=2

|
1

R2{2R cos hx0zx20z z0zlð Þ2
� �1=2

0
B@

{
1

R2{2R cos hx0zx20z z0{lð Þ2
� �1=2

1
CA:

In the same way, the component Bz along the z axis of B
can be expressed as Eq. (6):

Bz~
m0In

4p

ðl
{l

dz

ðp
{p

R(R{x0 cos h)dh

R2zx20{2R cos hx0z z0{zð Þ2
� �3=2

~
m0InR

4p

ðp
{p

g hð Þdh, ð6Þ

Fig. 1 Magnetic field of solenoid
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where

g hð Þ~ { R{x0 cos hð Þ
R2{2R cos hx0zx20
� �

|
z0{l

R2{2R cos hx0zx20z z0{lð Þ2
� �1=2

0
B@

{
z0zl

R2{2R cos hx0zx20z z0zlð Þ2
� �1=2

1
CA:

In engineering implementation, Eqs. (5) and (6) should

be simplified, which can not only maintain the distri-

bution rule of the magnetic field, but also make

computation simpler. Consider the case 2l&R, a

solenoid can be referred to as a magnetic dipole [12].

The dipole is composed of a couple of magnetic charges

¡qm which have different signs under equal quantity.

The magnetic field of this dipole is shown in Fig. 2.

If the length of the circular loop is 2l, then the moment

of the magnetic dipole is expressed as Eq. (7) and the

capacity of the magnetic charge is expressed as Eq. (8):

m~2nlIS, ð7Þ

qm~
m

2l
~nIpR2: ð8Þ

The components along the x axis and z axis of magnetic

field B at point D(x, 0, z) generated by positive magnetic

charge + qm can be expressed as Eqs. (9) and (10):

Bx zqð Þ~
m0
4p

qmx

x2z l{zð Þ2
� �3=2

, ð9Þ

Bz zqð Þ~
m0
4p

qm z{lð Þ
x2z z{lð Þ2

� �3=2
: ð10Þ

The components along the x axis and z axis of

magnetic field B at point D generated by negative

magnetic charge 2qm can be expressed as Eqs. (11) and

(12):

Bx {qð Þ~
m0
4p

{qmx

x2z lzzð Þ2
� �3=2

, ð11Þ

Bz {qð Þ~
m0
4p

{qm zzlð Þ
x2z zzlð Þ2

� �3=2
: ð12Þ

The magnetic field at point D is generated by magnetic

charge qm and 2qm following parallelogram law.

According to Eqs. (9) and (11), the component along

the x axis of B at point D generated by the dipole can be

expressed as Eq. (13):

Bx~
nIR2m0x

4

1

x2z l{zð Þ2
� �3=2

{
1

x2z lzzð Þ2
� �3=2

0
B@

1
CA: ð13Þ

In the same way, according to Eqs. (10) and (12), the

component along the z axis of B at point D generated by

the dipole can be expressed as Eq. (14):

Bz~
nIR2m0

4

z{l

x2z z{lð Þ2
� �3=2

{
zzl

x2z zzlð Þ2
� �3=2

0
B@

1
CA: ð14Þ

Equations (13) and (14) characterize the magnetic

field at point D generated by the dipole. According to

Eqs. (13) and (14), we can analyze the magnetic field

distribution of a field point along the x axis and z axis.

The basic parameters of the solenoid are listed in

Table 1.

Denoting x5 1 m, the component Bx along the x axis

of the magnetic field changes with alterations of z axis,

and the corresponding curve is illustrated in Fig. 3.

It is shown in Fig. 3 that when z is near the origin,
the component Bx along the x axis increases when

z increases, and the sign is the same as z. This

Fig. 2 Magnetic field of a magnetic dipole

Table 1 Basic parameters of solenoid

length 2l/mm radius R/mm current I/A number n/mm

200 20 0.1 500
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relationship is the basic principle for the pipeline robot

localization.

3 Localization with ULF electromagnetic
wave

Seabed oil transportation pipeline inspection robot

moves in the pipeline according to a predetermined

order, inspecting the condition of the pipeline. The

succor equipment on the sea moves along the pipelines

under the help of pipeline tracking devices, and tracks the

location of the pipeline robot with the help of localization

devices, as shown in Fig. 4.

When a pipeline fault, power interruption, or other

abnormal cases occur, the robot will remain in the

inspected pipeline, and await disposal from a succor

equipment on the sea. Meanwhile, the ultra-low-

frequency (ULF) electromagnetic wave is needed to

locate the pipeline robot accurately, while the equipment

on the sea takes care of the malfunction and ensures

unhindered inspection of the pipeline.

The ULF electromagnetic wave emission antenna is

installed on the pipeline robot parallel to the axis

direction of the pipeline. The ULF electromagnetic wave

receiving antenna is installed on the succor equipment on

the sea vertical to the emission antenna.

Because the radius of the solenoid (r5 20 mm) is much

shorter than its length (2l5 200 mm), the magnetic field

of the solenoid can be regarded as that of a dipole.

According to Eq. (13), the relationship between |Bx| and z

axis is shown in Fig. 5.

According to Fig. 5, |Bx| is a hump-shape as z changes.

The location of the minimum value point C of the hump

signal corresponds with that of the electromagnetic wave

emitter.

During the process of locating, the receiving antenna

receives amplitude signals vertical to the direction of the

magnetic field changing of the emission antenna through

the LC resonant circuit, which is shown in Fig. 6.

With the relative location changing between the

receiving and emission antennas, the magnitude of the

signal on the receiving antenna changes correspondingly.

By inspecting the change of the magnitude of the signal

and finding the location of the minimum point between

the two humps (i.e., the location of the emitter), the

Fig. 3 Relationship between Bx and z

Fig. 4 Sketch map of localization of pipeline robot

Fig. 5 Relationship between |Bx| and z

Fig. 6 Magnetic field when locating
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location of the robot inside the pipeline can be

determined.

4 Experiment and analysis

According to the method of localization with the ULF

electromagnetic wave, we designed a localization equip-

ment. The basic parameters of the experiment condition

are listed in Tables 1 and 2.

The current resolution of the emission coil is I5 0.1sin

(1.4pt)sin (46pt). Both terminals of the pipeline are sealed

by using metal plugs. The vertical distance between the

receiving and emission antennas is 1 m. Keeping the

emission antenna static, the receiving antenna moves at

20 mm/s. Then, the output voltage signal of the receiving

antenna is collected by an S7-300 PLC from SIEMENS.

The experiment curve is shown in Fig. 7. The abscissa in

the figure is the axis distance between the receiving and

emission antennas.

16 local maximum value points x02 x15 of sin(1.4pt)
envelope are chosen, which are shown in Fig. 7 and

Table 3.

The distribution trend of the points on the envelope

conforms to the trend of the double humps signal of

Fig. 5 within the area (22 m, 2 m). The voltages at

points x7 and x8 are the minimum, and the corresponding

area between x7 and x8 is the localization area.

Because noise is contained in the signal, the computed

result of the minimum value points between the double

humps is an area around the minimum value. The gray

area in Fig. 7 is the localization area, i.e., the location

corresponding to this area is the location of the ULF

electromagnetic wave emission antenna. The result of the

experiment shows that the location span of this area is

(25 cm, 5 cm), so the experiment precision of local-

ization can achieve ¡5 cm.

5 Conclusions

This paper analyzes the magnetic field distribution of a

ULF electromagnetic wave emission antenna based on

electromagnetism. Furthermore, the emission antenna is

regarded as a magnetic dipole so as to be implemented in

engineering, and the resolution becomes simple and

practical.

Based on the resolution of the magnetic field distri-

bution of the dipole, the magnetic field distribution

vertical to the direction of the dipole can be computed.

Also, the numerical calculated results show that the

magnetic magnitude of the vertical direction has a hump-

shape with the change of distance between the field point

and the axis of the dipole. According to the actual

utilization and characteristics of the magnetic field

distribution, this paper proposes a localization method

based on the ULF magnetic wave with hump-shape.

Experiment results show that the ULF magnetic wave

localization based on the dipole model has high precision

(being able to achieve ¡5 cm). It can satisfy the demand

of localization of the pipeline robot outside the pipeline

in pipeline engineering.
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