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An autocalibration algorithm for calibration of magnetometer triads used to determine heading in small aerial
vehicles is developed and its performance is analyzed. The algorithm estimates the 12 calibration parameters, which
are elements of an affine transformation mapping measured, and thus, erroneous magnetometer measurements into
corrected field measurements. The mapping corrects magnetometer output errors due to hard-iron biases, scale
factor deviations, and nonorthogonality effects caused by soft irons or physical arrangement of the sensor axes. The
correction mapping is determined by leveraging the fact that the locus of Earth’s magnetic field vector as measured
by a triad of magnetometers is an ellipsoid. The coefficients defining the ellipsoid are computed using a total least-
squares estimator. It is shown that, generally, in such autocalibration algorithms, soft-iron errors and sensing axes
nonorthogonality can result in an error mode that is unobservable. These conditions are identified and the algorithm
incorporates a method for detecting them. In these instances, even though autocalibration can provide an estimate of
only 9 of the 12 calibration parameters, it is shown that how external measurements from a triad of accelerometers
and a global positioning system receiver can provide the information needed to estimate the unobservable error

mode.

Nomenclature
b = hard-iron bias vector
h = Earth’s magnetic field vector (true value)
h® = Earth’s magnetic field vector (true body axes value)
h™ = Earth’s magnetic field vector (measured value)
I,., = n xnidentity matrix

n = wide band (sampling) noise on vector

S; = i axis magnetometer scale factor error

Us = matrix of the left eigenvector of matrix C

V¢ = matrix of the right eigenvector of matrix C

a;; = softiron/magnetic induction coefficient ij

n; = i axis misalignment angle

¥ = matrix (diagonal) of singular values for the matrix C

Introduction

AGNETOMETERS are devices that measure the strength of
magnetic fields and are used extensively in navigation,
guidance, and control applications. In aircraft and marine navigation,
for example, they are used as heading sensors. In satellite guidance
and control applications they are used as attitude sensors. In these
applications, the magnetometers are used to measure components of
Earth’s magnetic field vector from which vehicle heading or attitude
is deduced. Because their output is corrupted by errors,
magnetometers are normally calibrated before they are used. The
calibration process involves estimating the magnetometer output
errors and using these estimates to correct subsequent magnetometer
measurements. In general, magnetometer output errors are caused by
random wide band noise, constant biases or null shifts, time-varying
biases arising from magnetic induction, scale factor deviations,
sensor-to-vehicle axes misalignments, and nonorthogonality of the
Sensor axes.
The environment around magnetometers in a vehicle affects the
nature of some of these the output errors. Magnetically hard materials
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in the vicinity of the magnetometers, for example, add a constant null
shift or bias to the sensor output. Magnetically soft materials interact
with Earth’s magnetic field and generate biases that change as the
vehicle’s orientation relative to the local magnetic field changes.
Constant biases or null shifts caused by magnetically hard materials
are sometimes referred to as hard-iron biases, whereas biases due to
magnetic induction from magnetically soft materials are called soft-
iron errors [1,2].

The magnetic environment in the vicinity of magnetometers is not
a constant and can change as a function of time. This change can
occur, for example, after maintenance on or near to the magne-
tometers. In small aerial vehicles lacking a dedicated avionics bay
separated by some distance from the vehicle’s payload, this change
can be severe; the magnetic environment around the sensors can be
different from one flight to the next depending on what payload is on
board a particular flight. Thus, it is normal to perform magnetometer
calibrations in situ to account for the magnetic environment around
the sensor.

The work in this paper is concerned with developing autocali-
bration algorithms for magnetometer triads used for heading
determination in small aircraft in the category of micro aerial vehicles
(MAV5s). In these applications cost considerations preclude the use of
high accuracy rate gyros for heading and attitude determination.
Even though there are systems that generate an attitude solution by
fusing the information from low-cost-rate gyros, accelerometers, and
global positioning system (GPS) [3], these systems are known to be
conditionally observable in that heading errors can be kept in check
only as long as the vehicle is experiencing accelerations [4—8]. Thus,
magnetometers are one of the sensors of choice for heading
determination or a means by which to arrest the growth of the heading
solution computed by inertial sensors [9,10].

Background

The literature discussing in situ calibration algorithms for
magnetometers used in satellites is extensive. Some of these
algorithms rely on the fact that Earth’s magnetic field vector is a well-
known function of position [11]. Thus, given that a vehicle is at a
known location, Earth’s magnetic field vector can be resolved into a
coordinate frame attached to the vehicle. A comparison between the
resolved magnetic field vector and the measurement from the
magnetometers is used to calibrate the sensors [12]. These algorithms
require that the orientation of the vehicle be known a priori. This can
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be problematic unless the vehicle has an attitude determination
system that does not rely on the magnetometers.

A class of algorithms known as “attitude-free” algorithms obviate
the need for knowledge of the vehicle’s orientation during calibration
[13-15]. They leverage the diversity of Earths’s magnetic field
vector as a function of location. That is, samples of Earth’s magnetic
field taken at geographically diverse location are used to estimate
magnetometer calibration parameters. These algorithms can be
called autocalibration algorithms because the primary inputs into the
calibration algorithm are the measured (or erroneous) magnetometer
measurements.

There is another class of algorithms that can be classified as semi-
attitude-free algorithms and are similar to the ones developed and
analyzed in this paper. These algorithms have been used in satellite
[16-19] and virtual reality [20,21] applications. They use the
magnitude of Earth’s magnetic field vector in a given location as a
constraint to perform an autocalibration: a calibration without the
need of any information beyond the magnetometer outputs
themselves. However, as was shown in [17] and will be discussed
more detail here, there can be an unobservable mode in these
calibration algorithms. In these cases, they are not autocalibration
algorithms and will require external (although minimal) information
to complete the calibration.

Unlike the magnetometers used in satellite applications, the
literature discussing algorithms suitable for calibrating magneto-
meters used in heading or attitude determination in small aerial
vehicles (or vehicles operating close to the surface of Earth) is not
extensive. Examples include the algorithms discussed in [22,23],
which can be thought of aviation analogs of the marine compass
swinging algorithms discussed in [24,25]. These are algorithms
suited for magnetometer pairs or floated magnetic compasses (i.e.,
compasses with a leveling mechanism). Floated compasses are not
suitable for MAV applications and magnetometer pairs cannot
generate an accurate heading information unless the vehicle is level:
a severe limitation for MAV applications. An algorithm more suited
for General Aviation applications was developed in [1] because the
algorithm ignores soft-iron errors. In General Aviation or larger
aircraft applications, the issues of soft-iron errors are obviated by
locating magnetometer in a part of the vehicle where these errors are
not present.

Applying the algorithms in [13-15] directly to nonspace
applications will not yield good results. This is because these
algorithms require a measurement of Earth’s magnetic field at
various geographic locations. Earth’s magnetic field changes slowly
as a function of position, and although spacecraft (especially those in
low Earth orbit) will traverse a large geographic range during the
calibration process, this is an unreasonable requirement for vehicles
like MAVs. Although the algorithms developed in [16-20] can be
used in MAV applications, the unobservable error mode inherent in
these calibration algorithms and its relation to soft-iron errors, which
are important in miniature vehicle applications, was not
fully discussed.

Paper Contributions

In view of the preceding paragraphs, this paper develops an
autocalibration algorithm for a triad of magnetometers. The
algorithm is similar to the ones developed in [16-20] in that it used
Earth’s magnetic field vector as a constraint. Although this leads to
the same conditional observability problem all these algorithms
share, the algorithm developed here has a method by which to
identify when this condition occurs and when additional external
information is needed to complete the calibration. The algorithm
determines calibration parameters by fitting magnetometer data
(collected from a vehicle executing a few precalibration turns or
maneuvers) to an ellipsoid. It is different from the locus-constraint
autocalibration algorithm presented in [1] in that it bypasses some of
the observability problems by estimating a correction map instead of
individual sensor errors. In addition, unlike the previous auto-
calibration algorithms in the same class, which use an iterative least-
squares solution, the algorithm developed here uses a noniterative
total least-squares estimator.

Paper Organization

This paper is organized in the following manner: First, a model for
magnetometer output errors is presented. This is followed by an
overview of the idea behind locus-constraint autocalibration of
magnetometer pairs. The intent of the overview is to highlight the
fact that the locus of magnetic field measurements from a triad of
magnetometers is constrained to lie on an ellipsoid and how various
magnetometer output errors affect this locus. Next, the details of the
calibration algorithm proposed in this paper are discussed. This is
followed by a discussion of the results from a series of simulations
studies assessing the performance of the algorithm. Concluding
remarks and suggestions for future work close the paper.

Magnetometer Error Model

Magnetometers used for heading determination in small aerial
vehicles such as MAVs, unmanned aerial vehicles (UAVs), and
General Aviation aircraft measure the intensity or strength of Earth’s
magnetic field vector k. The sensing axes of the magnetometers will
normally be aligned with the body axes of the vehicle. Thus, what the
magnetometers pair measures are the components of h resolved
along the body axes of the vehicle, or h®. The magnetometer
measured or sensed magnetic field vector is denoted k2™, where the
superscript m indicates the vector is resolved along the measurement
or sensor axes. Although in a calibrated or error-free magnetometer
h® = ™, in practice sensor or installation errors lead to the situation
in which b # h™.

The purpose of calibration algorithms is to estimate a set of
parameters that allow correcting the erroneous measured vector h™
so that it is equal to the true field vector h?. There are two ways to do
this. The first way is to use an approach similar to the one in [1,22]
where the actual sensor errors (which will be discussed in more detail
later) causing h” # h™ are estimated. Subsequently, these error
estimates are used to correct ™. In the second approach, instead of
the actual sensor errors, a general mapping from k™ to h® (h"\—h")
is estimated [12-19]. Subsequently, each time a magnetometer
measurement ™ is made, the map is used to correct o™ to be equal to
h. The algorithm developed in this paper takes the second approach
and estimates h"—>h".

The h"— h® mapping can be derived by noting that the measured
field components are related to the error-free field values by the
following matrix equation:

h" =Ch®* +b+n (1)

The matrix C, which is the product of three separate matrices, is
given by

c=¢C,C,.C,
1+s, 0 0 1 n.  —y
= 0 I+, 0 -1, 1 Ny
0 0 145, n -n 1
1+ oy, Qyy o,
X ®yx I+ Ayy yz 2
o, oy 14 o,

Null shifts or hard-iron biases are represented by the constant vector
b. The effect of wide band, sampling, or sensor noise (uncorrelated
noise) is represented by the matrix n. The matrix C, represents the
effect of scale factor errors where the parameters s; (i = x, y, or z) are
the ith axes sensor’s scale factor deviations. The C, combined effect
of soft irons and sensing axes nonorthogonality. Without loss of
generality it can be written in terms of the magnetic induction
coefficients, which give rise to the time-varying soft-iron errors. The
notation a;j, where i and j can be x, y, or z, is understood to be the
proportionality constant (or induction coefficient), which relates the
induced magnetic field in the body i direction resulting from of a field
applied in the body j direction. Accordingly, 1 + «;; represents an
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amplification or reduction of the field intensity along the i axes due to
soft irons. Note that «;; is not necessarily equal to o ;. The physical
misalignment between the measurement and body axes is
represented by the transformation matrix C,, where 7,, 1, and n,
are small rotations about the body x, y, and z axes, respectively. The
autocalibration algorithm developed in [1] attempts to estimate each
of the sensor error parameters (s;, 7;, &;;, b;). As we will show later,
this is not always possible in the context of locus-constraint
algorithms. This is why in [1] some of these sensor error parameters
were set equal to zero (1 and «;;) a priori.
The calibration of magnetometers is now reduced to determining
parameters of the inverse of the mapping given by Eq. (1) or
h"=C'"h" - C'b-C'n=G((h" - b)—Gn 3)
This relationship will map erroneous magnetometer outputs into the
correct (or true) measurement. This mapping is defined only if C is
nonsingular. This is not an unreasonable assumption because a
singular C would indicate 100% scale factor errors on all
magnetometers (s, = s, =s, = —1) or a singular C,. These are
unrealistic or pathological scenarios, and thus, without a loss of
generality, we can assume that C™! exists.

Locus-Constraint Autocalibration

Locus-constraint magnetometer autocalibration procedures such
as the ones in [1,20,22] and the one developed in this paper rely on
the fact that in a given geographical area, the magnitude of Earth’s

magnetic field vector A, is a known constant and equal to k7 k. This
implies

h'h =[G(h" — b) — Gn]'[G(h" — b) — Gn] @)

= (W")'Th™ — 2b"Th" + b'Th + ii (5)

where 7 represents the modified sensor noise term given by
n=-2(h" —b)G"Gn + n"G'Gn (6)

and I is the matrix given by

i V2 V3
I =G'G= V2 Va4 Vs @)
i Vs Ve

As shown in [1], the sampling noise n on the magnetometer output
may be modeled as a zero-mean, Gaussian process. Even though n
may be zero-mean and Gaussian, the modified sensor noise term rn
may not. This is because of the mapping of n through the term
—2(h™ — b)G'G term and the positive additive term n’G'Gn.
This, in part, leads us to selecting a total least-squares (TLS)
estimator [26—28] for the calibration algorithm that will be discussed
later in the paper.

Equation (5) is the equation of an ellipsoid or sphere in terms of
h™=[hy Ry hP)T. Because Eq. (5) indicates that the field
measurements are constrained to lie on an ellipsoid, locus-constraint
autocalibration algorithms estimate the entries of G and b by fitting
an ellipsoid to measured magnetic field data. The relation between
the entries of G, b, and the measured magnetic field data can be found
by expanding Eq. (5). Given N magnetometer measurements, this
relationship can be written as the following linear system of N
equations:

r =Hg @®)

where r € R¥*! is a field residual vector (equal to zero for data
collected from an error- and noise-free magnetometer triad) and
£ € R is given by

E=ln v s - ¥ nol” )

The ith row of the linear system given by Eq. (8) is equal to

ro=n(he) 2 (hzn) + 2y ().
(o), 2 (o), i) o),
+ Vs(hﬁx")i + V9<h§”)i + V1o 10)

where y, through y; are elements of the I' matrix and

v = —2(nby + yaby + v3b,) (11)
¥s = —2(1aby + vuby + ysb,) (12)
Yo = —2(y3by + vsby + ysb.) (13)

Yio=nb:+ 2y,b:by +2y3b,b, + V4b§ +2ys5b,b,
+ 2ysb2 —hTh (14)

The calibration algorithm involves solving for & using Eq. (8) and
then using the values of y; through y;, to construct the affine
mapping defined by G and b in Eq. (3).

Parameter Estimation

The autocalibration algorithm developed here proceeds in three
steps. In the first step, a TLS [26-28] estimator is used to determine a
normalized estimate of & denoted &. That is, £ = (||€||)~'&. The
second step involves determining b and using this information to
determine ||£]|. The value of ||&|| is used to scale £ such that it is equal
to £. In the third step, the estimate of £ is used to construct the G
matrix. More precisely, £ is used to construct the matrix K, which is
defined as

(Kg) = (RG)TG (15)

The matrix K is the symmetric scaling matrix obtained from the
polar decomposition of G. When R is the identity matrix,
calibration of the magnetometer pair is complete after the third step.
Whether the assumption that R is equal (or close) to the identity
matrix is accurate or not can determined by examining the magnitude
of the coefficients of the cross terms in &€ (i.e., ¥», y3, and ys). If this
assumption is not valid, it is an indication that there is an
unobservable mode (or set of parameters) caused by soft-iron or
sensor axes nonorthogonality. In this case, external information will
be needed to estimate it and complete the calibration. If the vehicle is
on the ground and in addition to the magnetometers, a triad of
accelerometers and a GPS receiver are available, then the algorithm
discussed in [29] can be used to estimate R;.

Determination of l;:

In the first step of the calibration algorithm, an estimator is used to
determine & by solving Eq. (8). An estimator is used because there are
more data than unknowns (N measurements and 10 unknowns) and
we want to use all available data optimally. If the magnetometer
measurements were noiseless, Eq. (8) would be of the form 0 = HE.
In the presence of noise, however, the left-hand side of this equation
is nonzero. Because, in the error-free case, the left-hand side of
Eq. (8) is equal to zero, the traditional least-squares estimator (or its
stochastic derivatives such as the Kalman filter) would be
inappropriate; they would yield the trivial solution &= 0. This
pathology is due to, in part, the fact that both inputs to the problem
(R kY and h?') are corrupted by noise, and the measurement matrix
H is a function of these corrupted measurements. A reasonable
estimator would be one that provides an optimal estimate of &

(denoted é) such that the sum of the squares of the residuals are
minimized. Mathematically, this can be written as



1364 GEBRE-EGZIABHER

£= min|r |, = min(&" H' HE) (16)

with the constraint that £ # 0. We can readily see the solution to this
problem if we use a singular value decomposition (SVD) to rewrite
H'H as

H'H =V,33, V] (17)

Equation (16) would be minimized if £ = v ,, where v, is the tenth
column of Vj or the eigenvector associated with the smallest
singular value of H. However, |[v,y]| = 1, so the estimate obtained
from the SVD of H is

_&
0= g

We will denote this normalized estimate of & as & and use it to
determine b. Once b is known, £ can be scaled up to £. Before we
proceed with the estimation of b, however, we note that the solution
of Eq. (8) given by optimization defined in Eq. (16) is what is known
as the TLS estimate of & [26-28]. Even though it is not apparent from
the earlier development, the TLS estimate not only minimizes
Eq. (16) but also provides an estimate of a matrix A H that corrects
the noise-corrupted columns of H via the following cost function:

18)

AH =min|H - AH| s (19)

The sensor noise r and the modified sensor noise term 7z discussed in
association with Eq. (5) corrupt the columns of H. Thus, the TLS
solution adjusts both the column and row space of H in deriving an
optimal solution for Eq. (8).

Determination of b and Scaling &

Examining Egs. (7) and (11-13) shows that once £ is estimated, the
elements of b can be extracted independently of the elements of K;.
However, at this point all we have is £ and not . Fortunately, the
norm of £ does not affect the estimation of b. We can see this if we
rearrange Eqs. (11-13) to solve for b as follows:

1M v || n
b =- A RCIRIRA 78 (20)
i Vs Ve Yo

Examining Eq. (20), we see that scaling all the y; values by the same
amount does not affect the estimate of b. Thus, we can solve for b
using Eq. (20), where instead of y; (or the elements of the vector &) we
use y; (the elements of the vector £). Once b has been determined, we
can scale & to & using Eq. (14). This is possible because || k|| = hTh is
aknown quantity. It is the magnitude of Earth’s magnetic field vector
in a given geographical area and can be computed using the model in
[L1]. Thus, we can determine ||£|| by rearranging Eq. (14) as follows:

€1 = BTR (7162 + 27:b.b, + 273b.b. + 7ub}
- _ _ o\l
+2sbyb. + 276b2 = 710) e
Using this result we construct the final value of & = (||£||)&.

Determining K

From Eq. (7) we note that I" and G have the same left eigenvectors.
Also, the singular values of G are equal to the square root of the
singular values of I'. Thus, an eigenvalue/eigenvector decomposition
of I allows us to construct K as follows:

K= Viy/EVE (22)

Using Egs. (3) and (20) we can write the complete calibration
solution (or h™+—h) as follows:

nov | n

1
h =Rg (Vrv EI‘VF) h" + A RCIRCIRS Vs (23)
Vi Vs Ve Yo

Of course, if R is not the identity matrix, it will need to be estimated
using external sensor information. The matrix Ry is the identify
when soft-iron errors are not present or negligible, and, in which
case, Eq. (23) represents the complete calibration solution.

Note that the solution given by Eq. (23) represents the solution to
the problem of fitting an ellipsoid to noisy measurement data. This
problem is not new and has been dealt with in computer graphics
[30,31], medical imaging [32], and other applications [33]. There is a
difference, however, in that unlike the problems discussed in [30—
33], the ellipsoid problem here has additional degrees of freedom
arising from nonorthogonality of the measurement axes, which is
either physical or apparent due to soft-iron errors.

Algorithm Performance

In what follows, simulation results that highlight the performance
of the autocalibration algorithm developed in this paper are
presented. In particular, the effect of the apparent nonorthogonality
and misalignment caused by soft iron will be evaluated. This will be
shown by considering the calibration of a magnetometer triad in two
different installations, where the output of the sensor is corrupted by
the errors listed in Table 1. As can be seen from Table 1, the
difference between the two installations is that in case 2 the
magnetometers are affected by soft-iron errors.

If we assume that the total measurement locus shown in Fig. 1 is
used in the calibration algorithm, this leads to the results shown in
Figs. 2 and 3. These figures show the 2-D loci of magnetic field
measurements. The dark-colored contours represent the true locus,
and the light-color contours represent the outputs of the
magnetometer triad after the estimated A™—h? map defined by
Eq. (23) is applied. Comparing these two figures, we note that there is
a complete overlap between the true and postcalibration measured
contours for case 1, whereas there remains an apparent misalignment
for case 2. For case 2, the true G matrix and its polar decomposition
are given by

0.9976  0.0672 —0.0186
G =R;K; = | —0.0676 0.9975 —0.0224
0.0170  0.0236  0.9996
0.8807 —0.1875 —0.0962
x [ =0.1875 1.1374 —0.0183 (24)
—0.0962 —-0.0183 0.5814

Table 1 Errors assumed in the simulation studies

Error parameter Case 1 Case 2
b, —0.12 Gauss —0.12 Gauss
b, 0.17 Gauss 0.17 Gauss
b, —0.26 Gauss —0.26 Gauss
n; 0 deg 0.00 deg
oy 0 0.05

Ay 0 0.10

o, 0 0.20

Ay 0 0.30

ayy 0 0.03

ay, 0 0.20

oy 0 0.01

o, 0 0.20

o, 0 1.0

Sy 0.15 0.15

sy —0.13 —0.13

s, —0.12 —0.12
n,=n 0.001 Gauss 0.001 Gauss

=
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h}; (Gauss)

0.5

h’; (Gauss)

hbx (Gauss)

-0.5 -0.5

Fig. 1 Measurement locus of Earth’s magnetic field at geographical
coordinates: N44.9° latitude, E93.2° longitude and 256 m above mean sea
level (MSL).
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Fig. 2 Case 1: comparison of true field and estimated field after
correction map is applied.

The value of K; estimated by the algorithm (denoted KG) is given by

. 0.8807 —0.1875 —0.0961
Ks;=| —0.1875 1.1372 —0.0183 (25)
—0.0961 —0.0183 0.5814

The difference between KG and Kj; is seen to be very small. Thus,
the primary difference between the postcalibration magnetometer
outputs and the true field measurement will be an apparent
misalignment due to soft irons captured by the orthogonal matrix
Rg. To get a better sense of the magnitude of this error, we can
express it in terms of an equivalent physical misalignment C, . This
equivalence of C, and C, is shown in Fig. 4, which is a simplified
schematic of a 2-D calibration problem. What is apparent from this
schematic is that there can be a family of matrices C;, and C;, whose
effect on the magnetometer triad output is identical and
indistinguishable from observing outputs only. Thus, if we assume
that 1., n,, and 1), are the 3-2-1 Euler angle sequences of the rotation
between the b and m frames, respectively, then Rs in simulation

e TTUE LOCUS
s Postcalibration Locus

Lo o] 1o}~
08 Fiviad 08 b
06 06 e
e s eSSt ——
04 04 | ]
~ 02} ~ 0.2
172} w2
] ; § S
s 00 : < 0.0
O § O
= & <
Q"\ -0.2F < -0.2
04} % 04| ———TIES———
| et —
0.6 0.6 =
08F i gt
1.0 F ; : ; 1.0 ; : :
-0.5 0 0.5 -0.5 0 0.5

hx (Gauss) hx (Gauss)

Fig. 3 Case 2: comparison of true field and estimated field after
correction map is applied.

% (A)

Fig. 4 Action of error matrix C = G™1.

case 2 is equivalent to the following rotations:

n, = 3.8535 deg n, = 1.0636 deg n, = —1.2817 deg

(26)

The effect of R; can be significant even when the equivalent
rotations are as small as those in the case 2 example. This can be seen
if we consider the simulated flight trajectory shown in Fig. 5 and the
associated attitude history shown in Fig. 6. If magnetometers in
case 1 and case 2 were calibrated using the autocalibration algorithm
developed in this paper and then used for heading determination
along the trajectory shown in Fig. 5, the heading history and errors
shown in Fig. result. In the case of no soft-iron effects (case 1), the
autocalibration algorithm results in heading residuals that are small.
However, the heading errors resulting from neglecting soft-iron
effects in case 2 can be as large as 10 deg.

It should be noted that the complete locus ellipsoid is difficult to
obtain in practice. This is because it requires that the vehicle span the
entire Euler angle attitude space. However, MAV can be easily
moved around by hand, and thus, itis easy to obtain a partial ellipse as
shown in Fig. 8. The locus shown in Fig. § results from taking a few
samples of measurements as the vehicle is moved +85 deg in pitch
and 90 deginroll. The results of the calibration using this locus are
also shown in Fig. 7 and are very similar to the results obtained using
the full locus.

The estimates of y,, y3, Y5 will be nonzero if R; # I and equal to
zero when R; = I. However, because of the measurement noise
vector n, they will never be identically zero. A threshold based on the
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East (km)
oy

North (km)
Fig. 5 Simulated vehicle trajectory.

20 1 1 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Time (min)

Fig. 6 Attitude history corresponding to vehicle trajectory shown in
Fig. 5.

magnitude of n can be established to determine when they are
nonzero. If the values of these parameters are larger than this
threshold, then itis an indication that R ;; is not the identity or close to
the identity matrix, and soft-iron errors are important. This can be
seen in Fig. 9, in which the estimates of these parameters for 10,000
simulation runs are shown. Clearly, the estimates for case 1 are zero
mean, whereas the case 2 values are biased away from zero. Because
the 1o value of the sensor wide band noise for this case is 0.001 Gauss
(a typical value for a sensor of the class used in MAV applications
[34]), a threshold larger than the noise value can be used to
discriminate between the cases in which soft-iron errors are
important and those cases in which they are not important.

To be on the conservative side, one may elect to always assume
that R is not the identity matrix and estimate the rotations that

40 T T T T T T T T T
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True Heading History
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Case 2 y Estimate

Case 1 y Estimate (Partial Locus)
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(Light Line) ~ °
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Fig. 7 Postcalibration heading estimate and heading estimation error
history.
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Fig. 8 Realistic field measurement locus for MAYV applications.

constitute it using external information while the vehicle is on the
ground. This can be done by using a vector matching attitude
determination algorithm similar to the one presented in [29]. In this
case, the two vectors that would be used are at least two
measurements of & at different headings. It is worth noting that even
in this case the information provided by the magnitudes of y», y3, and
ys isuseful. Even if we always assume R ; is the identity and estimate
the rotations that constitute the matrix, the magnitude of these
parameters can be used as means by which an assessment of whether
a given location where magnetometers are installed is free from soft-
iron errors.

Conclusions

This paper presented an autocalibration algorithm for magneto-
meter triads that leveraged the field measurement locus constraint. It
was shown that in some instances a locus-constraint calibration
algorithm will be unobservable. Errors due to soft iron are
indistinguishable from errors due to physical nonorthogonality or
misalignments. In the presence of soft-iron errors, locus-constraint
autocalibration algorithms can only provide 9 of the 12 calibration
parameters. The remaining three parameters will be the apparent
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Fig. 9 Histogram of y,, y3, and y; for 10,000 simulation runs using the
locus shown in Fig. 8.

rotations that define R. This is of paramount importance in MAV
applications where size constraints may require locating magneto-
meters close to soft-iron material. If not accounted for, these errors
can lead to large heading errors. Although the complete effect of
these errors is not observable from autocalibration, the unobservable
errors can be dealt with by introducing external sensor information.
The information needed can be obtained using velocity measure-
ments from a GPS receiver and leveling information from a triad of
accelerometers during the calibration process.
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