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Abstract ¢

The precise measurement of the geomagnetic element is the key to realize r%tion
and positioning with the development of geomagnetic navigation tech@/ In this

paper, a kind of underwater vehicle three- compone magneti ifferential
measurement method is presented based on the |d iffe . The three-
component geomagnetic field mathematical model |onal upement method is
improved and new differential measure is established.
Difference expressions of measurement magne in the obviously reduce the
impact of interference magnetic field in tf@%s of g%na netic field measurement
and improve the measuring precision o e-comp geomagnetic field. Finally,

the method’s effectiveness is valldated mula The precision of DMM method is
10+ 5nT which is about two tlmes rad|% asurement model (TMM) method
S

under the condition of + 25 outside erence magnetic field. The method
effectively improves the geo tlc flelpl urement precision and has stronger anti-
interference ability. It is<of signifi canog r practical application of underwater

geomagnetic navigat.iorl@ d. \

Keywords: nayigation and«kg)sitioning, three-component geomagnetic field,
differential peaSurément DMM), traditional measurement model (TMM),
underwater geomagneti @

1. Introduction (b,

Geomagnetic@;\tion technology has the advantage of no source, no radiation, all-
weather, t hole region, full-time working, and anti-disturbance [1]. It also combines
with the i ed navigation technology from the other navigation and positioning
technol uch as INS/geomagnetic navigation, GPS/geomagnetic navigation, etc. [2-
4 o methods can greatly improve the navigation precision of motion carrier or
s and equipment, to achieve more accurate positioning and attack. Drawing
geomagnetic map is one of the key technology of realizing geomagnetic navigation and
the source of the magnetic map database mainly has two ways: one way is to build a
geomagnetic field model, the other one is the actual measurements of the geomagnetic
field. Geomagnetic model data from the satellite and some land scattered geomagnetic
observation station can't truly reflect underwater geomagnetic field information of
special geographical environment. Therefore, to realize the precise navigation
positioning of underwater vehicle, it is necessary for the geomagnetic field of
underwater environment to field measure.

As we know, the single total geomagnetic field intensity maybe produce contour line
which can’t meet one-to-one relationship between the total geomagnetic field intensity
and the coordinates of the current position [6]. Therefore, the measurement of the
geomagnetic field three-component information become the focus of research content. A
shipboard three-component magnetometer (STCM) has been developed since 1977 [7],
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which belongs to the ship borne measurement of the three-component geomagnetic field
and builds the TMM with an error of 50 + 25nT. At present, most methods mainly
compensate the induced and permanent magnetic field of vehicle by single sensor
according to the TMM [8-10]. For the underwater vehicle, it is pointed out that the
description of magnetic field around the vehicle is not enough in the TMM method,
which results in measuring magnetic field are easy to be interfered by ambient magnetic
field, and the calculating results have great error. The TMM method has carried on the
experimental verification, and the results show that the maximum error magnitude of
three-component geomagnetic field calculating results is 10°nt, so it is difficult for TMM
method to apply on the accurate navigation.

On the basis of TMM method, Firstly, the article analyzes the magnetic field
characteristics of the underwater environment around the vehicle and establishes(a new
mathematical expression used for magnetic field measurement according to theresults’of
the analysis. Secondly, by the new mathematical expression, the DMM._is ed .
Finally, the feasibility of DMM method is verified by simulation. The sinjuldtioh results
show that DMM method can not only enhance anti-interference abiki also has a
high calculating accuracy.

2. Research of DMM Q‘Q @)
%

2.1 The TMM and the Existing Proble,mgt

Ocean has many characteristics, s S vast @}nd complex environment, to
achieve a wide range of underwater tic % urement, we must rely on ships,
ve

underwater robots or other under hicl so on. These vehicles are mostly
made of ferromagnetic mate due to the magnetization of the geomagnetic field, it
can produce complex inte@lrence magneti Id around the vehicle, and the magnetic

field vector of superpositi
sensor getting. ‘

The magnetic fj ound th&%?icle mainly is divided into geomagnetic field and
magnetized fie ‘é&ordingw\n , and the magnetized field includes the induced
magnetic fie the permanent magnetic field. Size and direction of the geomagnetic
field and vehicl€ attitu mines the size and direction of the induced magnetic field.
The vehicle is magneti by the same direction geomagnetic field in the process of

building or parkin od and then produce the permanent magnetic field whose value
in a short period&e will not change. Therefore, the TMM is expressed as

LV:D_l'(HM_HR_Hs) (1)

s Is the three-component geomagnetic field value on geographical

co ate system. D is the transformation matrix between geographic coordinate
system with the measuring coordinate system due to the roll, pitch, and yaw of the

vehicle. H,, is the observed three-component value on measuring coordinate system

ogethe& ally form the measuring magnetic field of

from magnetic vector sensor. H, and H are the three component value of the induced

and the permanent magnetic field on measuring coordinate system.

In the actual underwater environment, eddy current magnetic field is produced due to
the vehicle movement in the geomagnetic field producing induced current. Vehicle
engine, electric equipment, and other institutions will radiate outward low-frequency AC
magnetic field. Underwater shipwrecks, surface ships and other motor vehicle around all
can produce some stray interference magnetic field. These magnetic field components
will affect magnetic vector sensor measurement. Therefore, vehicle magnetic vector
sensor measurement model is expressed as:
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Hy =D-Hg+Hg+Hs+H +> H, +> Hy
Where H_ is the three-component value of eddy current magnetic field on measuring

coordinate system. Due to the magnetic field gradient vector itself is small and the
underwater vehicle actual speed is relatively low, the eddy current magnetic field in
general can be ignored; ~H, is the three-component value on measuring coordinate
system of all sorts of electric equipment producing low frequency AC magnetic field,
which can be filtered by reasonable designed filter. ¥ 1 is the three-component value
on measuring coordinate system from other surrounding source of interference magnetic
field which is the source of one or more of the unknown outside stray interference
magnetic field. ©Hy has a strong uncertainty, so it can't be estimated the si2g_a d

direction. It is more difficult to remove and compensate the stray magnetic field™n the
TMM method ,due to the single sensor measurement can't remove the >f it have
to ignore this component. Therefore, after filtering an nﬁatio magnetic

vector sensor measurement model is:

H, =D-H +H, +ZQD‘Q

(3)
Although TH is uncertain, it is one sent|,al onents in the complex
environment magnetic field of underwa WI|| be a to the measured values of

magnetic sensor, and the equatlon (1 ax r only a part of the influencing
factors. Therefore, |gnor|ng aff geomagnetic field measurement
precision of the TMM meth

2.2 Establish the DMM_ )

m& ngs of he)\MM method, this paper puts forward the space
multi-se , and DMM is established by solving the equations

Aiming at the s

of geomagne ector e S|n.

Between duced figld generated from the induction magnetic moment and the
geomagnetic field has g Wgear relationship, so the induction magnetic moment of each
part of the vehicle i ortional to Hg .As a result, the induced magnetic field three-
component and eomagnetic field three-component in matrix form meet the
following { 0

Kxx ny sz HGx
@ HRY =K-D-Hg =|K,, K, K, |D|Hg (4)
HRZ sz sz Kzz HGZ

Where K is called induction coefficient matrix which is a 3x3 matrix and its
elements value depends on the distribution of the magnetic susceptibility of the vehicle
,the location of the sensors and the shape of the vehicle and so on. It is generally
believed that if the installation location of sensor is permanent, the value of the induction
coefficient matrix will not change. Equation (3) is transformed into:

Hy =(E+K)-D-Hg +Hg + > Hy (5)
Where E is an identity matrix. How to remove Hgand $H,, in the equation (5) has

become a major problem. In order to better reflect the advantage of spatial DMM
method, improve the measurement precision of the three-component geomagnetic field,
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the vector sensor installation location on the vehicle must satisfy some special
requirements.
A X

1#Sensor
— 2#Sensor
5 . 0
I:I THG spanT Tail[ Vehicle / >X
1#Sensor D
ZO -
Y
Vehlicl

Y

Tail
(a) Vertical View A%:Elght
Figure 1. Measurement Coordinate System xg icle and

Sensor Installaﬂog
Measurement coordinate system and sensor Qsta ation pc% as shown in Figure 1,

(@) is the vertical view and (b) is the r|g of un ter vehicle. The x axis of
pointing toward the vehicle forward o and nght&sa symmetrical longitudinal
profile is positive. The y axis pointin d th n the center plane of the vehicle
is positive. A positive z axis i éﬂ icula x and y plane. According to the
actual size, it is necessary foE t&o more th mponent magnetic sensor to install
obeyed the principle of strap and aW om the position of the engine on vehicle.
In order not to get the ularity ppeared by difference calculation of K ,
Sensors are installedpm@smes al e central axis on the vehicle surface, and we
design the sensor i

z direction displ (&) shows the x, y axis direction keep a certain
i 1 (b) sh hé z axis direction keep a certain distance, but also by

ae n two sensor line makes the stray magnetic field the two

Iocei%1 make them keep a certain distance in space X, v,

sensors measured have ame value as far as possible. Therefore, the component of

the stray magnetic fi ay be subtracted when solving the differential equations, so

that the interfer agnetic field from unknown magnetic source radiation is the

greatest extent redyced the influence to the geomagnetic field measurement results.
Accordi in,the equation (5) to build the following equations:

Q _
Q {HlM _(E+K1)'D'H16+H15+2H1N (6)

H,y =(E+K,)-D-H,s +H,g +ZH2N

Because each component of the geomagnetic field gradient itself is very small and the
geomagnetic field strength of horizontal component from south to north in China
mainly change with latitude whose the maximum change of 1 latitude is 10nT and
vertical component strength biggest change of 1 latitude is 27nT [14]. According to the
vehicle actual size, the distance two sensors installed is relatively close. Therefore, on
geographical coordinate system ,the three-component geomagnetic field value on two
sensors location and the three-component geomagnetic field on the vehicle location is
the same, and satisfy the following relations:

H,; ~ Hye = Hg (7)
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Because of various interference magnetic field being generated by the magnetic body
outward radiation, it satisfies the experience formula of magnetic source producing the
magnetic field intensity attenuation in the water [15] :

M
H=1. SE (8)

Where H is the magnetic field intensity of the magnetic body outward radiation,
M is the equivalent magnetic moment of the magnetic body, R is the distance of leaving
the magnetic body. Through the equation (8) we know the magnetic field intensity is
inversely proportional to the distance, and then the first and second derivatives of
distance show that magnetized magnetic field has the characteristics of the attenuation
and gradient decreasing with the distance. When measuring position and the
body distance is close, the vehicle itself as a magnetic body, magnetic f|eI
gradient is bigger around the vehicle, which makes the inductive magn CJ%’ﬁ the

two sensor location has great different, namely the 4%.” existing Yobviously

differences.
When the distance between measuring position |c dy is far, the

outside unknown magnetic source as a magn y, gradie f magnetic field
intensity is smaller around the vehicle, so you can thls e magnetic field as a
uniform magnetic field, and meet the followm@rmula

&; 9)
Through the analysis of the abo%’ |ffe@@1aﬂon (10) is derived by
n

difference of two equations i (6)

H.=D? Hy, —H,q )] (10)

The equation (10)$$'\ M . K, and H1S . H, exist obvious
cation

difference in differeqt the vehlcle and they can be gotten by a series of
. and H,,, can be directly measured by magnetic

e@rectly measured by posture sensor. Therefore, H, on
em was calculated.

geographical coordinat

2.3 Description Coefficient Matrix and the Permanent Magnetic Field

nce matrix and permanent magnetic field in the DMM can be obtained
surement of rotating 360° . Before the vehicle leaving, a non-magnetic
t P which is recorded by the GPS is selected at a certain depth below water,
isn’t other interference magnetic source near the point P. Therefor, the

a vehicle equipped with magnetic vector sensors circles around the point P with its own
length as the radius and keeps slight roll and pitch. The sensors data of vehicle’s
different poses are recorded by the real-time data acquisition system, including the roll

anglea . pitch angle® . heading angle ¢ and the H,, (o, 60,¢) and H,, («,0,9)

measured by magnetic vector sensor in the corresponding pose . The expression of
coordinates transformation matrix[16] is:

1 0 0 cosd 0 sind || cosp sing 0
D=|0 cosa sinal|l O 1 0 |{-singp cosp 0| (11)
0 -sina cosa ||-sind 0 cosd 0 0 1
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There are a total of 12 unknown parameters in the K and H,, so in order to solve
the all parameters each sensor needsn( n >4 ) sets of all attitude three-component
survey data at least, and then the known geomagnetic field and the measured magnetic
field are plugged into the DMM. The equations are shown below:

(a 6,¢)=(E+K,)-D;-Hg +Hys (i=12,---n) (12)

o (€,6,0)=(E+K,)-D,-Hg +Hy (i=1,2,---n) (13)

i? |1
Through the above equations K and Hs are estimated. There are many commonly
used estimation methods including the elliptic constraint method, Kalman fllterlng

method and nonlinear least squares method [17].After adding the value of

H,, and D into the equation (10) , the H from a certain point or a&;%&stnp

line can be calculated .

3. Computer Simulation Study \A%

Due to the fact the experiment of underw ehlcl as overcome many
technical difficulties, we can use the computer to onstruc‘t%& imental environment
and solve relevant parameters to reallze ulatio of spatial differential
measurement method.

3.1 Set the Vehicle Simulation Mﬁ‘
A large-scale finite eIemeﬁy tion softw |s applled to verify and simulate this

method. Using a single ellipsoidal vehlc construct the model [18-19], which is a
ellipsoidal cavity with 50 ng and 1dth and height. The cavity’s thickness is
0.05m.There is a tai I-m ack and ative magnetic permeability of the material is
100. Two sensors own ns alled on the both sides of surface axis in an
asymmetrical The f the left side is 0.2m higher than the vehicle’s
surface, and ensor of the t side is 1.2m higher than the vehicle’s surface. The
straight Ime ce b n the two sensors is 1.73m.

Figure 2. Vehicle Simulation Model

The three-dimensional size of the solving cube field is 200m*100m*100m and three-
direction vector data are provided as the background geomagnetic field. Adding the
initial magnetic field vector to offer the vehicle's own three-direction permanent
magnetic field in the software. The simulation model is shown in Figure 2.
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3.2 The Simulation and Solution of K and H

The K and Hg are Simulated and solved in an ideal environment (the magnetic

environment of > Hy =o0). Firstly, in the condition of no background magnetic field ,
the initial magnetic vector is controlled to generate respectively the permanent
magnetic K, and K, with 169.0nT, 106.0nT, 136.0nT and 125.0nT, 185.0nT ,155nT.

Then adding the three-component magnetic field data to background, according to the
IGRF-11/2010 model, the point of China’s South Sea (5 ° N, 110 ° E) is chose with the
three-component geomagnetic field 40858.8nT, 161.8nT, -3908.8nT. At last, the model
is rotated 360 ° horizontally, accompanied with roll and pitch motion. The roII and
pitch angle is no more than 5 degrees, the maximum measurement error of angle 002
degree .Each sensor records 100 three-component measurement data . Then t

taken into the DMM equations and used the least squares method to solve C%ons

The K and Hs WhICh are get from calculatmg are shown Table 1.

N

In the Table 1, K H, . H, and H mg alues of each
Parameter. 5 indicates the relative error Whose m valué\is 0 % between the true
and fitting values of the permanent magnetlc y insta layout with a certain

mber difference in the

height difference of the two sensors, most e efjecéF
internal inductance matrix elements keeg\e i imum ude of 10-2, which ensure
dur

that it may not produce a singular r%r i g@ ifference calculation and the
solvability of the DMM mathemati essi \&
Table 1. Coefficient Malﬂ&nd Permanerit Magnetic Field Fitting Results
)Z; I; ‘Q@ st Hg, Oy H, Js;
AN AenY M en @D @n 0D

-on@/\ 053 0. j
®§ 00613— 058 02% 1683 0.4% 1354 0.4%

1246 0.3% 1856 0.3% 1546 0.3%

0@0862 0.0354

-
3.3 The \_&aﬁon of DMM Simulation

Qng to the IGRF-11/2010 model, 20 three-component of geomagnetic
f@ta from the sea region of 5°N to 6°N and 110°E to 111°E are selected as the
background field . Assuming that the coordinates of the vehicle are the same as the
geographic coordinates during the simulation.

Underwater magnetic field around the vehicle is very complex. In addition to the
vehicles’ self-generated interference magnetic field , many of the external unknown
interference sources can produce some stray magnetic fields, which will response on the
sensor. Therefore, in order to be more approaching to the real underwater magnetic
environment around the vehicle, to verify the validity of the DMM, random interference
will be added into the data of the simulation measurement as the external stray magnetic

field (XHy #0) in the real environment. Assuming that the maximum amplitude of

the stray interference is+25nT on the 1# sensor, and the X, Yy, z direction gradient is
InT/m, due to the straight-line distance between the two sensors is 1.7m, so the
changing value of interference value on the 2# sensor is less than 2nT.
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In the Figure 3, red solid line is the true value of three-component geomagnetic field,
and the blue dotted line is the DMM result and black square solid line is the TMM result.
The data shown in (a-c) can be clearly seen by comparing when added the external stray
magnetic interference whose maximum amplitude value of +25nT. Both methods can
separate the geomagnetic field from the measurement magnetic, but the results of
the TMM increasing calculation error after adding external stray magnetic interference.
The maximum absolute error is 30.0nT and the maximum relative error is 19.1%. While
the effect of stray magnetic field for DMM is weaker, so the absolute maximum error is
only 10.0nT, and the maximum relative error is 4.0%. The results not only illustrate the
correctness of each estimation parameter ,but also demonstrate the calculation in DMM
method wons higher precision than that of TMM. The DMM has a strong ability of anti-
interference to remove the external stray which makes the measured results morg close
to the true value of geomagnetic field, and improves the accuracy and relse' Mf

measurement.
40,890 . : ; : ; T T
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40,8800 < esull

MM result
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Figure 3. The Vehicle Interference Magnetic Field Before and After
Compensation of each Component of the Magnetic Field Intensity
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4. Conclusions

In view of the TMM , a single magnetic sensor is used in the underwater vehicle
geomagnetic field measurements ,which has poor anti-interference ability and low
precision. The paper not only proposes a measurement method based on multi-sensor but
also derives a DMM through the differential processing of the sensor array. The
differential expression in the model pays more attention to the relative amount of
change, which effectively removes the influence of vehicles’ own magnetic interference
and the external anomalies. Besides, it enhances the ability of resistance to the external
interference in the measurement process. The simulation results show that DMM can
measure at a accuracy 10+ 5nT when external magnetic interference existing and the
maximum amplitude of the stray interference is =25nT, and that the relative error is
reduced by 15.0% compared with TMM. Thus it improves the foundation of rese&[b
the underwater geomagnetic field measurement.
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