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Abstract: Based on the analysis of Hard- and Soft- Iron effects of magnetometer’s errors, a tilted
ellipse model for two-dimensional plane was formulated. According to the analytic geometry theory,
a magnetometer calibration algorithm was proposed to calibrate the tilted ellipse into a standard
circle by translation, rotation and scaling three steps, achieving the aim of magnetometer calibration.
The experimental results show that the proposed algorithm calibrated the tilted ellipse
approximately to a standard circle which had eliminated the combined Hard- and Soft- Iron effects
successfully.

Introduction

Magnetometers measure the strength of magnetic fields and widely applied in science,
engineering[1]. According to the World Magnetic Model[2], the strength of geomagnetic field in a
place is constant, so magnetometers are often used to measure it to determine the geographic
orientation. But errors occur as magnetometer readings are also subject to magnetic distortions and
nonideal manufacture techniques such as zero-offset, hard iron, soft iron, scaling and
non-orthogonality, the first two can be grouped as Hard-Iron offset, remaining as Soft-Iron effect[3].
Then calibration algorithm is needed to eliminate them, [4] used a compass swinging algorithm for
two-dimensional heading determination system, [5] used recursive least square algorithm for
three-dimensional magnetic deviation compensation, [6] used ellipse matching error compensation
algorithm for two-dimensional magnetic compass; For simplicity, this paper first proposed a
two-dimensional algorithm based on analytic geometry transform. Ideally, The readings (Hmx[1],
Hpy[i]) from a magnetometer when rotating in the horizontal plane is a standard circle. Given the
errors, the circle is transformed into a tilted ellipse. The proposed algorithm is based on this
geometry model, transforming the tilted ellipse into the circle by translation, rotation, scaling to
achieve magnetometer calibration. Experimental results show that the algorithm performed well to
calibrate magnetometers in reality.

This paper is organized as follows. In the next section, magnetometer errors are analyzed, a
calibration model is formulated. The detailed algorithm is presented in the third section.
Experimental results obtained with a low-cost magnetometer are presented and discussed in the
fourth section. The last section draws concluding remarks and comments on future work.

Magnetometer errors and calibration model

In this section, magnetometer errors are analyzed, a calibration model is formulated.

Magnetometer errors

1)  Hard-Iron offset

The zero-offset is a vector Ve, the permanently magnetized ferromagnetic components in the
vicinity of a magnetometer is a vector Vy, Both V.., and V; are time invariant, and simply add to
the readings which can be grouped as Hard-Iron offset V.

V =V,e0+ Viy (1)

2)  Soft-Iron effect
A linear time-varying magnetic field generated by magnetically soft materials is soft iron
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distortion which can be modeled by a 2x2 matrix W The sensitivities of each sensing axis are not
exactly equal, a 2x2 diagonal gain matrix Wi, can be modeled. The last non-orthogonality error
can be modeled by a 2x2 matrix W, caused by non-orthogonal sensing axes installation. Soft iron,
scaling and non-orthogonality can be grouped as Soft-Iron effect, as they together make a standard
circle become a tilted ellipse. Then the Soft-Iron matrix is Eq. 2.

W= WnoWgainWsoft (2)

Magnetometer calibration model
Given the combined effects of Hard- and Soft- Iron, a model between magnetometer readings Hy,
and the true local geomagnetic H;is formulated as Eq. 3.

Hp = WH, + V 3)

Derived from Eq. 3,

H, =W™(H, -V) 4)

[H " =H,"H, =W (H, -V)I'W ' (H,, -V)

=(H,, -V)'W™)'W™(H, -V) (5)
As the true local geomagnetic H, is a constant vector, and the matrix A in Eq. 6 is symmetric,
A=W Hiw™! (6)

The general matrix form expression defining the locus of a vector Q wandering on the curve of
an ellipse with center at Qo is (where A must be a symmetric matrix):

Q- QO)T AQ —Q,) =const (7)

As Eq. 5 and Eq.7 are similar, the locus of magnetometer readings is an ellipse defined by Eq. 5.
The ellipse is centered at the Hard-Iron offset V, and has a tilted shape determined by matrix A =
(W'l)TW'l.

Algorithm implementation details

In this section, the details of proposed algorithm is presented.

According to the geometric theory, the max distance between two points on an ellipse curve is
the length of the major-axis, the two points are the two end points of the major-axis, and the center
of the two points is the very center of ellipse. Using the readings collected by the magnetometer and
Eq. 8

2a = max(y(H i1~ H,,, [/ +(H,,[i1- H,,[j])?) (®)

to find the two points (7, [a, ], H ,,,[a]) , (H,.[a,], Hmy[az D.
Then the center of the ellipse or the Hard-Iron offset is:
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Vo =((H,, a1+ H,[a,1)/2,(H,,[a;1+ H,,[a,])/2)" ©)

Using H,,— V) translation to move the ellipse to the origin, as is shown in Fig. 1.

translation Y

Fig. 1 Translation of Ellipse

The tilted or rotation angle B of the ellipse can also be derived from Fig. 1,

sin,B=‘Hmy[al]—v21‘/a=k1

cos B =|H, [a]-v,|/a=k, (10)

where V;; and v, are the elements of Vy, a is the length of semi-major axis.
Based on the rotation theory of two-dimensional space[7], rotating a tilted ellipse back to a standard
ellipse need to premultiply a rotation matrix defined in Eq. 11.

cos sinﬂ}:{ ky kl}

11
—sinff cosfB| |-k Kk (1)

R(-B) = [

By rotation of H,=R(-p)-(H, —V,) to obtain a standard ellipse.
Given the properties of standard ellipse, the scale factors of X and Y axis are:

Xscale = maX(L (Hey max ey min ) /(Hex max Hex min ))
Yscale = maX(l? (Hexmax o exmm ) /(Heymax Heymin )) (12)

where Heymax 15 the max element of vector H,, so it is with the other.

Xscale 0
Wscale - (13)
0 Yscale
Finally
Hr :Wscale R(_ﬂ)(Hm _VO) (14)

The proposed algorithm can be summarized as follows:
1) Using Eq. 8, 9 to find the Hard-Iron offset V, then use translation to obtain
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Hn—Vo 5

2) Using Eq. 10, 11 to find the rotation matrix R(—/£), then use rotation to obtain
H,=R(-£)-(H, -Vy);

3) Using Eq. 12, 13 to find the scale factor, finally to obtain the calibrated value

H, =W, R(=8)-(H, —=V(), and find the solution of the aforementioned calibration
model compared with Eq. 4:

V=V,
{W - :WscaleR(_ﬁ) (15)

Experimental results

In this section, the proposed algorithm is validated using experimental data from a low-cost
magnetometer installed on a wireless sensor node.

A set of 2000 data points obtained from a AK8963 3-axis magnetometer(only the X and Y axes
data in the horizontal plane were recorded) with a 0.15uT/LSB sensitivity, sampled with a
ATmega328 MCU(Micro Controller Unit), transmitted by a Xbee24 RF(Radio Frequency) module,
at 100Hz. The hardware is shown in Fig. 2.

Fig. 2 Wireless Sensor Node Fig. 3 Contrast through Calibration

By programming matlab codes to implement the proposed algorithm and running on the raw data
set to obtain the solution:

V =V, =(15.7350,29.2050)"

L 11432 -0.1696 (16)
W™ = Wscale R(_ﬁ) =
0.1468 0.9892

Using Eq. 4, 16 to calibrate the raw data is shown in Fig.3.

As is shown in Fig. 3, the calibrated data locus was approximate to a standard circle, which
validates the proposed algorithm which had eliminated the combined Hard- and Soft- Iron effects
successfully.

Conclusions

The Hard- and Soft- Iron effects of magnetometer errors were analyzed, the magnetometer
calibration model was formulated, and it was shown that the magnetometer raw measurement data
sets form a tilted ellipse. The solution of the experimental data set was derived and tested using
matlab codes. The proposed magnetometer calibration algorithm based on analytic geometry
transform was derived. Experimental results for low-cost magnetometer show that the proposed
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algorithm performed well by using translation, rotation, scaling to eliminate the Hard- and Soft-
Iron effects errors for two-dimensional magnetometer readings. Future work will include the
expansion of the proposed algorithm to the three dimensional case.
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