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Abstract: The vehicle’s heading angle determination is formulated and the proposed method based on geometry engages

the magnetometer and the GPS. The resulting maximum determination accuracy of 0.3deg over the entire earth as a standard

deviation is obtained for a magnetometer with measurement error of 1nT.
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1. Introduction

The current state of the vehicle determination and com-
pass application using with the earth’s field range was de-
scribed using magnetometer in various articles[1-2]. Usu-
ally the compassing algorithm is formulated with measured
earth’s magnetic field that was approximated by a dipole
field. In this case, the variation angle should be compensated
with an appropriate variation map over the entire earth. In
other cases, the gyro-engaged Kalman filter are introduced
to achieve more precision determination. The method in-
troduced here uses a new alternative scheme with magne-
tometer without any variation compensation. The proposed
method has several features. First, it doesn’t require the
gyro-based Kalman filter algorithm. Second, the determi-
nation algorithm based on the geometry has a conceptually
simple structure but an effective method to determine the
vehicle’s heading angle. Third, the vehicle’s roll and pitch
angle information from the implemented gimbal system can
be combined to obtain precision determination. The pro-
posed algorithm is applicable to the vehicle navigation for
heading angle determination and it can be used as a backup
plan for the yaw gyroscopic compassing of satellites in case
of gyro failure. Moreover, the proposed algorithm can be
used to calculate an initial condition for the Kalman Filter
based determination method.

2. Main Results
Assume that the vehicle’s location on the earth is obtained
with the latitude (¢) and longitude (A) for the global posi-
tioning system as shown in Figure 1.
The local meridian vector at the vehicle’s location toward
the geographic north denoted by 7, is given by

i = [—cos(90 — ¢) cos(N), — cos(90 — ¢) sin(A),
sin(90 — ¢)] " (1)
The vehicle’s body axes are defined by three unit vectors,
Z,vy, and Z where ¥ is the moving velocity vector, 7 is the

left-side lateral vector, and Z is the normal vector on the
local level plane. Then, the three body axes are given by

= [papypa]’ ()
[Q:m Qy; QZ]T (3)
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Fig. 1. Tllustration of heading angle (a) between vehicle’s
heading vector and geographic north pointing vector.

7 = [cos(¢) cos()), cos(¢) sin(A), sin(¢)] " (4)

where the unknown components of (pa, py, p-) and (¢z, gy, q=)
are variant depending on the heading angle and are to be
determined. Since ¥ and ¥ are unit vectors, we obtain

2]l = llg] =1 (5)

Moreover, since both & and ¥ are perpendicular to Z’ respec-
tively, we obtain

Z-Z=y-Z=0 (6)
The measured magnetic field vector denoted by B =
[Ba, By, B:]", is given by

B, = M(X¢)-& (7)

By = MQX¢)-¥ (8)

where M = [M,, M,, M.]" is the reference earth’s magnetic
field model. From (5)-(8), we obtain

Pz by y2 D=
cos(¢) cos(A\) cos(¢)sin(A)  sin(¢) Dy
Mz (A, ¢) My(A,¢)  Mz(A @) Pz
L
=10 (9)
Bs
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dx qy q 4z
cos(@) cos(A\) cos(¢)sin(A\)  sin(¢) qy
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3. Simulation Results
The simulation is performed at the location of Taejon, Korea
(A = 127.4deg and ¢ = 36.3deg). The standard deviation (o)
of determination accuracy is summarized in Table 1 for five
cases of the introduced noise(30) at magnetometer.

Solving (9) and (10) provides two possible solutions respec-
tively such as & € {Z1,%2} and ¥ € {#1,72}. In order to
determine the exact solution, we define a cost function such
as for 4,5 € {1,2}

Jig = s - gill + (L =2 x g5 — 2]

(11)

*

where 0 < v < 1.
that minimize J;;. Finally, the heading angle along z axis is

Then, we select ¢ = i* and j = j

determined as

o = sign{(Zi~ x @A) - £} cos™ " (& - ) (12)
The flow diagram of the proposed heading angle determina-
tion algorithm is described in Figure 2. We note that if M
is parallel to zp, then B and B, approaches to zero, which
means that the equations have infinite solutions.

Remark 1: If there exists a gimbal system on the vehicle to
measure the roll and pitch tilt angle, more accurate deter-
mination is expected. In this case, in (9) and (10) B, By,

B, should be replaced with Bz, By, B. such as

Table 1. Standard deviation of determination accuracy at
Taejon, Korea
Noise(30) | Standard Deviation
0.01 nT 0.00037 deg
0.1 nT 0.0022 deg
1 nT 0.0098 deg
10 nT 0.061 deg
100 nT 0.33 deg

The simulation is performed over the entire earth. Table
2 summarizes maximum (worst case) standard deviation of
determination accuracy. Figure 4-8 shows the standard de-
viation over the entire earth. We observe that the determi-
nation error increases as the vehicle approaches around the
magnetic north and south poles.

Table 2. Standard deviation of determination accuracy over
the entire earth.

Noise(30) | Standard Deviation
0.01 nT 0.011 deg
0.1 nT 0.058 deg

1 nT 0.29 deg

10 nT 1.6 deg

100 nT 9.2 deg

B, [ 1 0 0
By = 0 cos(fr) sin(6;)
B, | 0 —sin(f,) cos(6r) |
[ cos(6,) 0 sin(6y) B,
0 1 0 By (13)
| sin(p) O sin(6) | B
where 6, and 6, are tilt angles obtained by the gimbal sys-
tem.
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Fig. 2. Flow diagram of heading angle determination algo-

rithm.
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Fig. 3. Magnitude of geomagnetic field from IGRF model.

4. Conclusions
The vehicle’s heading angle determination method is formu-
lated using magnetometer and we demonstrate the perfor-
mance of the proposed heading angle determination. The re-
sulting maximum determination accuracy of less than 0.3deg
over the entire earth for a magnetometer with measurement
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Standard Deviation of Heading Error
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Fig. 4. Standard deviation of determination error over the

entire earth for noise 0.01nT (30).
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Fig. 5. Standard deviation of determination error over the

entire earth for noise 0.1nT (30).
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Fig. 6. Standard deviation of determination error over the

entire earth for noise 1nT (30).

Fig. 7. Standard deviation of determination error over
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Fig. 8. Standard deviation of determination error over the

entire earth for noise 100nT (30).

accuracy of InT. The proposed method is efficiently used for

the gyro-failure case.
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