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The magnetic interference of vehicle imposes a strong influence on the magnetic gradiometer. Based on the mechanism of the vehicle
magnetic interference, we firstly use the difference algorithm of the magnetic gradient tensor to fuse the magnetic interference of
each vector magnetometer and establish a mathematical model of vehicle magnetic interference for the magnetic gradiometer.
Next, we propose a compensation method for the vehicle magnetic interference and a recognition method for the estimation
of compensation coefficients based on this mathematical model. The simulation results show that the proposed method can

compensate as much as 96.2% of the vehicle magnetic interference efficiently.

1. Introduction

The magnetic gradiometer onboard Unmanned Underwater
Vehicle (UUV) for underwater object detection is attracting
particular interest in recent years for its advantages in remote
control and autonomous operation. The magnetic gradiome-
ter is constructed by three spatial derivatives along orthogo-
nal directions and a magnetic gradient is measured as the dif-
ference between two magnetic readings at different locations.
The magnetic gradiometer formed by fluxgate magnetome-
ters has several advantages such as small size and low power
with relatively high sensitivity. Gradiometer has also the
advantage of rejecting unwanted long-range environmental
noise sources. Various critical techniques have been devel-
oped and demonstrated [1-3].

It is inevitable that the magnetic gradiometer is influ-
enced by the magnetic interference of vehicle, which mainly
includes the induced magnetic field and the permanent mag-
netic field of vehicle [4-7]. So it is necessary to compensate
this interference. Bono et al. studied on magnetic interference
of the magnetic gradiometer onboard the UUV and pro-
posed a scheme for the compensation of vehicle magnetic

interference [8]. Keene et al. developed a Superconductivity
Quantum Interference Device (SQUID) gradiometer system
that used active shielding and an adaptive signal processing
algorithm to eliminate magnetic interference [9], but he did
not expound the compensation algorithm of vehicle magnetic
interference. Pei and Yeo developed a prototype magnetic
gradiometer onboard UUV for magnetic detection of under-
water objects, which was housed in a plastic nose cone con-
sisting of four fluxgate magnetometers, and one of the magne-
tometers served as the reference reading to the earth magnetic
fields and was used to compensate the platform magnetic
interference of other magnetometers [10, 11]. However this
method did not consider the platform interference of the
reference magnetometer.

The objective of this paper is to compensate vehicle mag-
netic interference for the magnetic gradiometer; we firstly
propose a mathematical model of vehicle magnetic interfer-
ence by using the difference algorithm of the magnetic gra-
dient tensor to fuse the magnetic interference of each vector
magnetometer and then we propose a compensation method
for the vehicle magnetic interference and a recognition
method for the estimation of the compensation coefficients.



This method uses one of the magnetometers to serve as the
reference and take into consideration the vehicle magnetic
interference, so it can compensate the vehicle magnetic inter-
ference of the magnetic gradiometer theoretically. Finally,
numerical simulations are carried out to show the effective-
ness of the proposed compensation method.

2. Preliminaries of Magnetic Gradient Tensor

The magnetic gradient tensor is space variation rate in the X,
Y, Z directions of total magnetic field B(B,, B, B), which is
defined as
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In general, the curl and the divergence of the magnetic
field vanish outside the magnetic sources. So the relations of
the nine gradients are expressed as
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The magnetic gradiometer is composed of four vector

magnetometers and their observations are B; (B,;, B,;, B.;)
(i = 1,2,3,4), which is described by
9B, "
0x
By dxy dyy dzy OB
By | = | dxs, dys dzy, a—x > 3)
B,y dxy dy, dzy 4
OB,
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where B, is the difference between the x components of the

ith and the first magnetometer and (dx;; dy;; dz;) is the
distance between the ith and the first magnetometer [12].

Suppose AB = (B,; B;; B,;), B, = B, — B,. From (3),
we derive

ABT = AGT, (4)

where the matrix A is the distance matrix of (3). The magnetic
gradient tensor G is expressed as

G=AB(AT) = AB-a (5)

Equation (5) is the difference algorithm of the magnetic
gradient tensor.

Advances in Mathematical Physics

3. Mathematical Model of Vehicle
Magnetic Interference

In the process of vehicle movement, the material of vehicle
can generate much magnetic interference, such as permanent
field and induced field, which can impose influence on the
measurement accuracy of magnetometer. The permanent
field of vehicle is generated by the magnetization of the hard
magnetic material. Because the hard magnetic material has
high coercivity, the permanent field can be kept for a long
time. Since the magnetometer and the hard magnetic material
are fixedly connected on the vehicle, no matter how the vehi-
cle posture changes, the vector magnetometer measurement
of the permanent magnetic field is a constant. The induced
magnetic field is generated by the magnetization of the soft
magnetic material of the vehicle. The soft magnetic material
has low coercivity, so the induced magnetic field changes
with the external magnetic field [13, 14]. The magnitude and
direction of the induced magnetic field are associated with
the posture and position of the vehicle. Three axes of the
vector magnetometer are denoted as x-, y-, and z-axes of the
coordinate system of vehicle. The permanent magnetic field
of vehicle can be shown as B = (Bf’C Bﬁ’, BZ‘). Based on the

Poisson equation, the induced magnetic field of vehicle B® =
(B, B; B;) is expressed as

B' = KB, (6)

where BY = (Bi Bl}’, Bg) is the background field, K, 5 is the
induced coeflicient matrix of the vehicle, and K;; = K;; (i, j =
1,2,3).

By analyzing the permanent and induced magnetic field,
the observation of the vector magnetometer is expressed as

B' =B +KB’+B", (7)

where B is the actual magnetic field. The observation of the
ith vector magnetometer of the magnetic gradiometer can be
obtained from (7):

B, = B, + KB’ + B, (8)

where K; is the induced coefficient matrix of the ith vector
magnetometer and B! is the permanent magnetic field of
the ith vector magnetometer. So the difference between the
observation of the ith and the first magnetometer is expressed
as

li ! ! b h
B, =B, - B, =B, +K;B’ + B, 9)
where
K; =K;-K;, 10)
10
B’ = B"-B".

il i 1
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Based on the difference algorithm of the magnetic gradi-
ent tensor (5), the observation of the magnetic gradiometer
G,, is expressed as

G, = (3;1 Bgl Bz’u) a
=(By By By)-a+(K,;B" Ky B’ K,B%)-a
+<B§1 BI;1 BZI)'a (11)
=G+ (KB’ KyB’ K,;B") 2

+ (B}211 3?1 BZl)'a’

where G is the actual data of the magnetic gradient tensor.
And the vehicle magnetic interference D is expressed as

D =G, -G= (K,;B" K;B" K;B’)-a
(12)
h h h
+(B21 B, B41) - a.

Equation (12) is the mathematical model of the vehicle
magnetic interference.

4. Compensation Method of Vehicle
Magnetic Interference

One of the magnetometers with the maximum distance from
the UUV magnetic interference can serve as the reference
reading to the background field B” [10, 11]. But the reference
magnetometer is also influenced by vehicle magnetic inter-
ference. We take into consideration the interference of the
reference magnetometer, and the background field B can be
expressed by the actual magnetic field of the reference:

b

B"=B, = (I, +K,) ' (B] -B!). (13)

The first magnetometer serves as the reference in (13).
Substituting (13) into (9), B}, can be expressed as

-1
B£1 =B, + K (L + K)) B;
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- K (Liyx; +K;) B{ +B;
=B, +k;B| + b?’l, (14)
1
ky = K; (I +K;) s

h h ~1pnh
b} =B~ K;(Iy,; +K;) B},

where k;; and bfll are constant matrices. The observation of
the magnetic gradient tensor can be expressed as

! ! !
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where k, B;,,,, and b can be expressed as
k= (k21 ks, k41)3X9’
B; O3><1 03><1

0 B O
B1m= 3x1 1 3x1 , (16)
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The vehicle magnetic interference D is the measurement
error, and it can be expressed by

D=kB,,-a+b-a. 17)

The actual data of the magnetic gradient tensor can be
written as

G=G,,-D=G, -kB,,-a-b-a. (18)

Equation (18) is the compensation algorithm of the vehi-
cle magnetic interference. k and b are compensation coeffi-
cient matrices, and G,,, B;,,, are the output of the magnetic
gradiometer. In theory, (18) can be used to compensate the
vehicle magnetic interference after the estimation of compen-
sation coefficient matrices k and b.

5. Estimation of Compensation
Coefficient Matrices

The magnetic gradient tensor G after the compensation of

magnetic interference should satisfy (2). The relation of the

components of G,, and D can be obtained from the following:
Gz = D1y = Gppy = Dy

Gz — D13 = Gz — Dsys



Gm23 —Dy; = Gm32 — Dy,

Gt + Gz + Gpz3 = Dy + Dy, + D3
(19)

We denote

f(kb)= ((Gmlz - Gm21) - (D12 - D21))2
+((Gys = Gpz) = (Dy3 — D31))2
+ ((Gpas = Guza) — (D3 = Dsz))z

2
+ ((Gyiy + Gpzz + Gpz3) = (D1 + Doy + Ds3))"
(20)

The estimate of the compensation coefficient matrices k
and b can be taken as the function optimization, and it can
be expressed as

min F(k,b) = min ifl (k,b),
i=1 (21)

s t s t
sto kj <kj<k; b;<b;<b,

The value range of the components of compensation
coefficient matrices k and b of ordinary vehicles is 0 < k;; <
0.01, 0 < b; < 10. This paper proposed Genetic Algorithms
(GA) method to calculate the function optimization, and the
parameters of GA are chosen as follows: group size N = 30,
the gene length of the variate n = 10, the coping probability
P, = 0.9, the crossover probability p, = 0.8, and the mutation
probability p,, = 0.8.

6. Numerical Simulations

6.1. Coefficients of Vehicle Magnetic Interference. Suppose that
the vehicle carries a trirectangular tetrahedron magnetic

0.00181 0.00029 0.00025 0.00001 0.00029 0

k=1[0.00029 0

0.00001 0.00029 0.00144 0.00017 0.00001 0
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gradiometer and the induced coefficient matrix K; and the

permanent magnetic field Bf’ of the vector magnetometers of
magnetic gradiometer are chosen as [13]

[ 0.5 0.02 0.03
0.02 0.1 0.005],
1 0.03 0.005 0.2

K, =

[ 0.501 0.0202 0.0301 ]
0.0202 0.1  0.005 |,
0.0301 0.005 0.2

0.5 0.0202 0.03 ]
0.0202 0.101 0.0051
| 0.03 0.0051 0.2

- (22)
0.5 002 0.0303
K,=| 002 0.1 00051],
0.0303 0.0051 0.202 |

B = (4000 2500 1800) T,
BY = (4010 2500 1800) nT,
B} = (4003 2492 1800) T,

BZ = (4000 2502 1806)nT.

6.2. Simulations Results. The magnetic gradiometer is used to
measure the field of magnetic target which can be considered
as magnetic dipole. The process of simulations is as follows.

(1) The origin values of magnetic gradient tensor are sim-
ulated by the mathematics model of magnetic dipole.

(2) Based on the mathematics model of vehicle mag-
netic interference, 150 groups of G,,; and B'li @ =
1,2,...,150) are simulated.

(3) Based on the estimation method of compensation
coefficients, the compensation coeflicient matrices k
and b are estimated by 50 groups of G,,; and B!:

0.00002 0.00001 0.00038
0.00017 |,

0.00025 0.00001 0 0  0.00017 0  0.00038 0.00017 0.00313
(23)
536 4.23 9.16
b=|631 726 1.35|nT.
3.89 4.59 2.54

(4) The proposed compensation algorithm and the com-

pensation coefficient matrices k and b are used to
compensate the error of the other 100 groups G,,,; and

obtain the estimations G. The partial results of simu-
lations are shown in Table 1.

The statistics of the simulation results show that the

proposed method can compensate 96.2% vehicle magnetic
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TaBLE 1: The results of magnetic interference compensation simula-
tions.

Before compensation  After compensation

ithG, B Ite
mi D1 IG,, — G, I, (NT/m) IG - G, I, (nNT/m)

1 53.62 1.351
2 42.65 2.224
3 36.15 1.589
4 61.56 2.062
5 41.78 1.239
6 21.48 1.581
7 46.24 0.746
8 19.34 1.382

interference, so the compensation method is efficient for the
magnetic gradiometer.

7. Conclusion

Based on the study of the mechanism of the vehicle magnetic
interference, we proposed a mathematical model of vehicle
magnetic interference by using the difference algorithm of the
magnetic gradient tensor to fuse the magnetic interference of
each vector magnetometer and proposed the compensation
method of the vehicle magnetic interference and the recogni-
tion method of the compensation coefficients. This method
can compensate the vehicle magnetic interference of the
magnetic gradiometer theoretically. The results of simulation
show that the proposed method can compensate the 96.2%
vehicle magnetic interference efliciently. However, it is hard
to gain high precision due to the existence of so many
unknown parameters in the compensation coefficients. In
future works we plan to seek for other optimization algo-
rithms to estimate the compensation coefficients and to
improve the compensation of the vehicle magnetic interfer-
ence.
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