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(57) ABSTRACT 

Systems and methods of calibrating and adjusting for devia 
tions in a vehicle's heading system, such as the attitude 
heading and reference system of an aircraft or the heading 
system of a ship, positioned along the Earth's Surface 
involve calibrating magnetometers for hard iron and mis 
alignment errors using single heading measurements. This 
can be accomplished by obtaining both actual and theoreti 
cal readings for the magnetometer of the heading system, 
and comparing these values to obtain calibration values for 
the heading system. The vehicle may be repositioned. Such 
as to North, South, East, and west magnetic headings, with 
the procedure repeated at each of these headings, and the 
calibration values averaged, further increasing the accuracy. 
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SYSTEMIS AND METHODS FOR 
CALIBRATING AND ADJUSTING A 
HEADING REFERENCE SYSTEM 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims the benefit and is a continuation 
in-part application of U.S. patent application Ser. No. 
147881,114 filed on Oct. 12, 2015, which is a continuation 
of U.S. patent application Ser. No. 13/833,513 filed on Mar. 
15, 2013 (now, U.S. Pat. No. 9,157,747). The contents of 
these applications are hereby incorporated by reference in 
their entireties. 

FIELD OF THE INVENTION 

The present invention relates to systems and methods for 
calibrating and adjusting for deviations in heading reference 
systems on vehicles, such as attitude heading reference 
systems on aircraft or heading systems on ships, in which the 
one or more magnetometers in Such systems are calibrated 
using actual and theoretical readings at various magnetic 
headings of the vehicle and are re-calibrated or adjusted for 
deviations relating to hard iron disturbances and manufac 
turing defects at known magnetic headings of the vehicles. 

BACKGROUND OF THE INVENTION 

Typically, vehicles having a heading system, Such as an 
aircraft having an attitude and heading reference system 
(AHRS), must be periodically calibrated to ensure a mini 
mization of measurement errors. The measurement errors 
may be due to factors such as hard iron disturbances and/or 
installation misalignment associated with magnetometers or 
other components of the heading system. Most prior art 
calibration methods require numerous repositioning of the 
vehicles for as many as eight or more different positions to 
come up with an approximate calibration number. The 
approximate calibration number is then periodically recal 
culated during flight of the aircraft to minimize estimation 
errors. None of the prior art methods known to applicant 
utilize theoretical magnetic field properties of the Earth, 
such as theoretical values for horizontal and vertical inten 
sity of the magnetic field at the location of the positioned 
vehicle, such as the aircraft on the tarmac, for comparison 
with actual magnetometer readings at Such a position. These 
prior art calibration methods are time-consuming and 
increase the complexity of the calibration procedure and, 
potentially, affect the accuracy of the calibrations. Examples 
of such prior art methods are disclosed in U.S. Pat. Nos. 
7,587,277; 8,061,049; 7,891, 103; 7,146,740; and 6,860,023, 
none of which use the theoretical magnetic components of 
the Earth’s magnetic field, such as obtained from a web site, 
to calibrate the AHRS heading. 

In view of the foregoing, there is a need for simplified 
systems and methods that can quickly and accurately cali 
brate and adjust a vehicle's heading system in a manner that 
accounts for errors resulting from hard iron disturbances, 
misalignment of vehicles components, and other factors 
that negatively impact the heading system. 

SUMMARY OF PARTICULAR EMBODIMENTS 
OF THE INVENTION 

The present invention is directed to systems and methods 
that adjust for deviations in an attitude heading reference 
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2 
system. These techniques efficiently and accurately adjust 
for possible deviations that may occur when obtaining 
measurements using an AHRS or other heading reference 
system that is installed in a vehicle. They may be used for 
the purpose of navigation by providing accurate measure 
ments regarding the orientation and direction of the vehicle. 
Additionally, these techniques can allow for stabilizing and 
controlling the placement of hardware components on a 
vehicle (e.g., placement of antennas, cameras etc.) as well as 
providing measurement correction by adjusting, for 
example, cameras in an imaging system that may be 
installed on the vehicle. 

In accordance with certain embodiments, the present 
invention includes a method for calibrating a heading system 
installed in a vehicle, such as an aircraft AHRS or one 
installed onboard a ship that utilizes one or more magne 
tometers to adjust for deviations resulting from hard iron 
effects and misalignments of the magnetometers. This is 
accomplished by using the theoretical magnetic components 
of the Earth’s magnetic field together with actual magne 
tometer readings to calibrate the heading system. 

In accordance with certain embodiments, an initial cali 
bration can be performed by obtaining actual readings from 
the magnetometer at one or more headings for the vehicle 
(e.g., at four different magnetic headings corresponding to 
North, South, East, and West) and a set of theoretical 
magnetic field properties of the Earth (e.g., such as from a 
web site containing this information) at those locations or 
headings. These theoretical values comprise values for hori 
Zontal and vertical intensity of the magnetic field at each of 
these locations for the vehicle. A theoretical reading for the 
magnetometer at each of these headings is computed and 
then compared against the actual magnetometer readings at 
these same locations to obtain calibration values for the 
heading system. These calibration values are then utilized, 
Such as by averaging all of the calibration values obtained, 
to provide a universal average gain and offset for the 
magnetometer, thus, universally calibrating the heading sys 
tem with respect to measurement errors. In certain embodi 
ments, the universal average gain and offset may be obtained 
by averaging a plurality of different calibration values that 
correspond to measurements taken at different locations or 
headings. This calibration method is preferably performed 
with the engine and avionics of the aircraft running, or 
corresponding equipment on the vehicle running. If desired, 
these calibrations values can be filtered through low pass 
filters to reduce any effects of noise. 

Although the calibration method can be accomplished at 
a single position of the vehicle, it has been found that the 
accuracy may be enhanced by doing it at the four directional 
headings of the compass; namely, North, South, East, and 
West. 

Moreover, once the initial calibration has been performed, 
the magnetometer calibration values can be derived or 
calculated at a later time for re-adjustment and re-calibration 
purposes without performing all the steps needed for the 
initial heading calibration method. As a result, the present 
invention provides a solution for adjusting for additive hard 
iron disturbances that may require periodically determining 
the magnetometer calibration values and re-adjusting for any 
deviations. 

In addition, once an initial calibration or a Subsequent 
re-calibration of the heading system has been performed, the 
present invention allows for determining the presence of 
hardware installation errors by computing a misalignment 
angle between the magnetometers and chosen vehicle axes 
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and further adjusting the magnetometers and heading system 
based on the computed misalignment angle. 

Furthermore, during an initial calibration or a Subsequent 
re-calibration of the heading system the vehicle (e.g., air 
craft, ship etc.) is selectively positioned along the Earth's 
Surface (e.g., ground) and aligned to one or more known 
magnetic headings allowing for the efficient calculation of 
theoretical magnetometer readings that can be used to obtain 
initial calibration values and/or recalculate previously 
obtained calibration values based on a single known head 
ing. As a result, the heading system of the vehicle can be 
adjusted and/or recalibrated to provide reliable heading 
information. In addition, adjustments resulting from manu 
facturing and/or installation errors, such as misalignment of 
the magnetometers, can be performed upon initial calibra 
tion and/or subsequent recalibration of the vehicle. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a flow diagram illustrating a process for initially 
calibrating a heading reference system in accordance with 
Some embodiments of the present invention. 

FIG. 2 is a flow diagram illustrating a process for re 
calibrating a heading reference system in accordance with 
Some embodiments of the present invention. 

FIG. 3 is a flow diagram illustrating a process for deter 
mining magnetometer misalignment and calibrating a head 
ing reference system in accordance with Some embodiments 
of the present invention. 

FIG. 4 is a flow diagram illustrating a process of adjusting 
for deviations in a heading reference system in accordance 
with some embodiments of the present invention. 

FIG. 5 is a block diagram of a heading reference system 
in accordance with some embodiments of the present inven 
tion. 

DETAILED DESCRIPTION OF EMBODIMENTS 
OF THE INVENTION 

An AHRS system is commonly viewed as a triaxial sensor 
system that is capable of providing real-time orientation and 
direction information. As a result, Such a system is required 
to be reliable, efficient and accurate. In order to calculate 
navigation related parameters, an AHRS system includes 
gyroscopes, accelerometers and magnetometers that are 
capable of sensing and measuring rotation, proper accelera 
tion and magnetic field magnitude, respectively. For 
example, the use of magnetometers provides the necessary 
information for calculating the vehicle's heading as it relates 
to magnetic and/or true north heading. However, magnetic 
field measurements are susceptible to local magnetic distur 
bances. Specifically, the presence of ferrous materials (e.g., 
natural magnets) or electric magnets in the vicinity of the 
magnetometers can cause disturbances due to the generation 
and presence of additional magnetic fields. Importantly, Such 
a hard iron effect can result in erroneous heading measure 
ments from the AHRS and should be periodically adjusted in 
order to avoid dangerous conditions during operation of the 
vehicle. 

Furthermore, additional disturbances may occur as a 
result of faulty installation procedures (e.g., mounting) of a 
separately mounted triaxial magnetometer. Specifically, the 
misalignment of the magnetometers from chosen axes can 
cause offset errors in the obtained measurements. In Such 
cases, determining a misalignment angle for the magnetom 
eters can provide the ability to calibrate the heading system 
to ensure that the obtained measurements are accurate. 
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4 
Accordingly, systems and methods are provided for peri 

odically calibrating and adjusting the heading system by 
determining calibration values for the magnetometers to 
account for hard iron disturbances and possible misalign 
ments of the magnetometers, thereby enabling reliable and 
accurate heading measurements to be obtained from an 
AHRS or other heading system. The following describes 
embodiments of the present invention in more detail with 
reference to the accompanying figures. 

Initially referring to FIG. 1, a process flow diagram 
illustrates a method 100 for performing an initial calibration 
of a vehicle heading system containing one or more mag 
netometers. As illustrated by way of example in the flow 
diagram of FIG. 1, and as will be explained in greater detail 
hereinafter, the current vertical and horizontal components 
of the Earth’s magnetic field for the particular location of the 
vehicle, such as an aircraft or a ship, are obtained. This is 
represented by block 102 in FIG.1. The vehicle is positioned 
or aligned to a known magnetic heading, as represented by 
block 104 in FIG. 1. The alignment attitude of the magne 
tometers is then determined, as represented by block 106 in 
FIG.1. The theoretical values of the magnetometers are then 
calculated based on the vertical and horizontal components 
of the Earth's magnetic field, the vehicle heading and 
vehicle attitude, as represented by block 108 in FIG. 1. The 
theoretical magnetometer values are then subtracted from 
the actual measurements to obtain hard iron calibration 
values for each magnetometer in the heading system, as 
represented by block 110 in FIG. 1. 

Typically, for example, in an attitude heading and refer 
ence system, or AHRS, on board an aircraft, the magnetic 
heading and pitch angle calibration of the AHRS is a very 
time-consuming operation and is often limited to the geo 
graphic vicinity of the airport where the calibration was 
performed. That is not the case with method 100 of the 
present invention which may be used, for example, with 
triaxial magnetometers aligned to the x, y, and Z planes, or 
with two-axis magnetometer arrangements. In either 
instance, a set of theoretical magnetic field properties of the 
Earth, such as the theoretical values for horizontal intensity 
and vertical intensity of the magnetic field, at the location of 
the positioned vehicle is obtained. The information for these 
theoretical values may preferably be obtained from a web 
site, or any other Suitable source and/or database that pro 
vides information relating to the Earth's magnetic field. An 
exemplary organization that provides access to geophysical 
data from which the theoretical valued can be derived is the 
National oceanic and Atmospheric Association (NOAA) 
which maintains a website associated with the National 
Geophysical Data Center (NGDC). For example, an aircraft 
whose conventional AHRS is being calibrated, would pref 
erably be positioned in a magnetically clean and flat area 
heading magnetic North with its engines and avionics run 
ning. Preferably the conventional magnetic calibration page 
or interface of the AHRS would be accessed and the theo 
retical values obtained from such a website, including the 
total field as well as the horizontal and vertical intensity, 
would be entered on the magnetic calibration page or 
interface and, for example, North reading would be selected. 
To improve accuracy, this procedure can preferably be 
repeated for each of the other three normal magnetic head 
ings, East, South, and West, by first positioning the vehicle 
to each of these headings, repeating the procedure, and 
selecting the corresponding reading for that heading. Such 
repositioning of the aircraft can provide a more accurate 
estimation of the aircraft's heading by accounting for varia 
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tions in the aircraft's orientation (e.g., pitch and roll angles) 
resulting from possible anomalies due to the grounds Sur 
face. 

In this regard, it should be noted that the normal magne 
tometer readings without the presence of any hard iron 
effects (e.g., the theoretical values of the magnetometers) are 
defined by the following equations for each of the four 
normal headings North, East, South and West: 
(a) When heading North: 

cosé 

xMag y Mag (Mag = Hi O VI () 
-sine cosésind cosécosd, 

sinesind sinécosd, 
costi - sini 

HI cosé - WI siné 

= HI sinésini + VI cosésini 
HI sinécosdi + VI cosécosd, 

(b) When heading East: 

cosé 

xMag y Mag (Mag = 0 HI VI () 
-sine cosésind cosécosd, 

sinesind sinécosd, 
costi - sini 

- VI siné HI cosdi + VI cosésini 
-HI sind + VI cosécosd, 

(c) When heading South: 

cosé sinesind sinécosd, 
xMag y Mag (Mag = -HI O WI) () costi -Sind 

-sine cosésind cosécosd, 
- HI cost-WI siné 

= -HI sinésind + VI cosésini 
-HI sinésini + VI cosécosd, 

(d) When heading West: 

cosé sinesind sinécosd, 
xMag y Mag (Mag = 0 - HI VI () costi -Sind 

-sine cosésind cosécosd, 

- VI siné - HI costi + VI cost sind 
-HI sind + VI cosécosd, 

Where: 

HI Horizontal intensity of the local magnetic field; 
VI Vertical intensity of the local magnetic field; 
0 Aircraft pitch angle; 
(p Aircraft bank angle; 
| Aircraft magnetic heading: 
XMag X-axis theoretical magnetometer reading: 
yMagy-axis theoretical magnetometer reading; and 
ZMag Z-axis theoretical magnetometer reading. 
The deviation of the magnetometer readings from the 

above values is referred to as the hard iron offset of the unit 
being calibrated and, in accordance with the provided 
method, will be subtracted from the magnetometer readings 
resulting in the following equation for the corrected heading: 
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Where: 

Z=(X-X)sin 0-(Y-Y)cos 0 sin p-(Z-Z)cos 
0 cos (p 

Where: 
X, X-axis magnetometer reading: 
Y, y-axis magnetometer reading: 
Z, Z-axis magnetometer reading: 
XX-XMag X-axis magnetometer calibration value; 
Y Y-yMagy-axis magnetometer calibration value; and 
Z, Z-ZMag Z-axis magnetometer calibration value. 

Thus, Summarizing the above method for initially cali 
brating a heading system installed in a vehicle, actual 
readings are obtained from one or more magnetometers at 
one or more headings for the vehicle. Such as preferably at 
the four different magnetic headings corresponding to North, 
South, East, and West, and a set of theoretical magnetic field 
properties of the Earth is also obtained at those same 
locations, such as from a web site containing this informa 
tion. These theoretical values include values for the hori 
Zontal and vertical intensity of the magnetic field at each of 
these locations for the vehicle as well as the total field. A 
theoretical reading for the magnetometer at each of these 
headings is computed and then compared against the actual 
magnetometer readings at these same locations to obtain 
calibration values for the heading system. These calibration 
values are then utilized, such as by averaging all of the 
calibration values obtained, to provide a universal average 
gain and offset for the magnetometer, thus, universally 
calibrating the heading system with respect to measurement 
errors. In some embodiments, a universal average gain can 
be obtained by calculating a ratio of the average theoretical 
magnetometer reading and average actual magnetometer 
reading at the different magnetic headings and/or by obtain 
ing multiple ratios associated with the different magnetic 
headings that can be averaged to provide an average uni 
versal gain. This calibration method is preferably performed 
with the engine and avionics of the aircraft running, or 
corresponding equipment on the vehicle running. If desired, 
these calibration values can be filtered through low pass 
filters to reduce any effects of noise. 

Although the calibration method 100 can be accomplished 
at a single position of the vehicle, it has been found that the 
accuracy is preferably enhanced by doing it at the four 
normal directional headings of the compass; namely, North, 
South, East, and West. 

Referring now to FIG. 2, a process flow diagram illus 
trates an exemplary method 200 for calculating magnetom 
eter calibration values (e.g., X, Y, Z) and performing 
a re-calibration of the heading system in accordance with 
certain embodiments of the present invention. In some 
embodiments, an initial calibration of the AHRS is per 
formed like the one illustrated, for example, in previously 
presented FIG. 1 in order to compensate for hard iron effects 
in the magnetometers. In order to perform an initial calibra 
tion, the vehicle is positioned at one or more selected 
locations and aligned to one or more known magnetic 
headings as shown at 202. 
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At 204, magnetometer calibration values are determined 
based on the employed calibration method. For example, 
Such calibration values can be obtained by calculating the 
deviation between the magnetometer readings at one or 
multiple selected locations and magnetic headings and theo 
retical magnetometer measurements calculated for the same 
locations and magnetic headings. In some embodiments any 
suitable calibration method can be performed to obtain 
magnetometer calibration values. Upon obtaining the cali 
bration values for the magnetometers, the AHRS can be 
calibrated to provide corrected heading and attitude mea 
surements as shown at 206. 

In some embodiments, it may be required to perform a 
re-calibration of the AHRS system to account for any 
additive hard iron presence in the vicinity of the magnetom 
eters. For example, additional instruments with ferrous 
materials may be added in the cockpit of an aircraft neces 
sitating an adjustment of the previous calibrated heading. In 
Some embodiments, the previously computed magnetometer 
calibration values may need to be recomputed for additional 
processing purposes relating to the use of Inertial Measure 
ment Units (IMU) in providing navigation measurements. 
This can be accomplished at 208 by positioning the vehicle 
at a single, previously selected location and known heading 
allowing for the calculation of the previously calibrated 
magnetometer readings using the known heading, pitch and 
roll angles and obtaining magnetometer readings. 

At 210, theoretical magnetometer measurements can be 
computed by obtaining theoretical magnetic properties of 
the Earth corresponding to the previously known selected 
location and the previously obtained calibrated heading and 
attitude of the vehicle. At 212, the magnetometer calibration 
values are computed by Subtracting the theoretical magne 
tometer measurements from the magnetometer readings 
obtained at 208 resulting in the following equations for the 
computed magnetometer calibration values. 

X=X-(VI sin 0-HI cos 0 cos (p) 

Y=Y-(HI sin cos (p-HI sin p cos sin 0-VI 
cos 0 sin (p) 

Z=Z-(-HI sin sin p-HI cos p cos sin 0-VI 
cos 0 cos (p) 

Where: 
X, X-axis magnetometer reading: 
Y, y-axis magnetometer reading: 
Z, Z-axis magnetometer reading: 
X, X-axis magnetometer calibration value; 
Y y-axis magnetometer calibration value; 
Z, Z-axis magnetometer calibration value; 
up known calibrated magnetic heading: 
0 known calibrated pitch angle; 
(p known calibrated roll angle; 
HI Horizontal intensity of the magnetic field at known 
location; and 
VI Vertical intensity of the magnetic field at known location. 

Referring now to FIG. 3, a process flow diagram illus 
trates an exemplary method 300 for determining and com 
puting misalignment values for the one or more magnetom 
eters in an AHRS system. In some embodiments, the 
installation (e.g., mounting) of one or more triaxial magne 
tometers may not be aligned correctly with the chosen 
vehicle axes. As a result, the magnetometers can exhibit a 
constant misalignment offset causing the AHRS system to 
provide erroneous heading measurements, which can affect 
the reliability and navigation of the vehicle. In Such cases, 
method 300 can provide a solution by determining the 
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8 
presence of a magnetometer misalignment. Moreover, if 
Such a determination is made during installation of the 
magnetometer on the vehicle (e.g., during a manufacturing 
testing phase) then the appropriate actions can be taken by 
either replacing and/or re-installing the triaxial magnetom 
eter. Additionally, in Some embodiments, such a determina 
tion may be made at a later time (e.g., after installation) to 
account for possible maintenance and/or repair issues of the 
vehicle. In Such cases, the computed misalignment value for 
the magnetometer can be used to further calibrate the AHRS 
system in order to obtain corrected heading and attitude 
measurementS. 

Initially at 302, method 300 determines a calibration 
value for the magnetometers that are included in the AHRS 
system of a vehicle. In some embodiments, calibration 
values can be obtained using method 100 that was previ 
ously described in connection with FIG.1. In some embodi 
ments, the AHRS system may be readjusted and calibration 
values can be re-computed using method 200 described 
above in connection with FIG. 2. 
At 304, the vehicle is aligned at a known magnetic 

heading. For example, in some embodiments the vehicle can 
be aligned to a common heading, Such as any of North, 
South, East and West, or any other suitable heading. At 306, 
the calibrated magnetic heading of the vehicle can be 
determined by applying the magnetometer calibration values 
included in the AHRS system. 
At 308, misalignment values for the magnetometers can 

be determined by comparing the obtained calibrated heading 
with the known magnetic heading. Specifically, the differ 
ence between the calibrated magnetic heading and the 
known heading can provide the misalignment value for the 
installed magnetometer with respect to the lateral and lon 
gitudinal axis of the vehicle. 

In some embodiments, the misalignment value of the 
magnetometer can be utilized to adjust for deviations by 
further calibrating the AHRS system at 310. For example, 
the misalignment value of the magnetometer can be Sub 
tracted from the measured magnetometer values of the 
lateral and longitudinal axes. The misalignment value can 
also be used to adjust for deviations associated with other 
vehicle equipment as well. 

FIG. 4 is a process flow diagram illustrating an exemplary 
method 400 that adjusts for deviations relating to hard iron 
effects and installation misalignments in an AHRS system. 
Specifically, at 402 the vehicle's AHRS system is calibrated 
to obtain corrected heading and attitude measurements. In 
Some embodiments, a calibration is achieved using the 
method described in connection with FIG. 1 or any other 
suitable calibration method. At 404, the vehicle is aligned at 
a known magnetic heading at a specific location and cor 
rected heading and attitude measurements are obtained from 
the calibrated AHRS. For example, a specified location can 
be identified at an airport Such that it provides magnetic 
markings and a flat surface in order to facilitate the main 
tenance of the aircraft. 
At 406, the obtained heading measurement is compared to 

the known magnetic heading. If there is a difference between 
the heading measurement and known magnetic heading 
(e.g., “YES” at 406), then the measured difference repre 
sents the misalignment value of the magnetometer with 
respect to the lateral and longitudinal axes of the vehicle as 
shown at 408. Such magnetometer misalignment can occur 
during installation (e.g., mounting) of the magnetometer on 
the vehicle. Failing to account for the misalignment during 
calibration can result in erroneous AHRS heading measure 
ments, which in turn can negatively affect the navigation of 
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the vehicle and create dangerous conditions when the 
vehicle is in operation. Accordingly, at 410, the misalign 
ment value can be subtracted from the magnetometer mea 
Surement to correct for installation defects and to compute 
corrected magnetometer readings at the known heading and 
location as shown at 412. 

If there is no difference measured between the known 
magnetic heading and calibrated heading measurement 
obtained from the AHRS (e.g., “NO” at 406), then method 
400 proceeds to 412 to obtain magnetometer readings at the 
known magnetic heading and location of the aircraft. 

Moreover, at 414 the theoretical magnetometer measure 
ments are computed based on the obtained calibrated head 
ing, attitude (e.g., pitch angle, roll angle) and the properties 
of the Earth’s magnetic field (e.g., horizontal and vertical 
intensity) at the known location. 

At 416, the magnetometer calibration values are obtained 
by Subtracting the theoretical magnetometer measurements 
from the obtained magnetometer measurements. In some 
embodiments, the magnetometer calibration values can be 
used to re-calibrate the AHRS system in the case that new 
hard iron disturbances are present and/or can be used as an 
estimate of previously computed magnetometer calibration 
values. 

FIG. 5 is a block diagram illustrating an exemplary 
attitude and heading reference system 500 in accordance 
with some embodiments of the disclosed subject matter. The 
heading reference system 500 may be incorporated into an 
aircraft, maritime vessel or other vehicle. The heading 
reference system 500 may be configured to perform the 
methods disclosed in FIGS. 1-4 either independently or in 
conjunction with other components of the vehicle that 
includes the heading reference system 500. 
As shown in FIG. 5, a heading and reference system 500 

includes an inertial measurement unit 502 which includes 
triads of gyroscopes 504, magnetometers 506 and acceler 
ometers 508. The calibration methods disclosed above may 
be being utilized in conjunction with the magnetometers 506 
and accelerometers 508. As shown, attitude and heading 
reference system 500 may also include a display 510. The 
display 510 may include one or more liquid crystal displays 
(LCDS), light emitting diodes (LEDs), organic light emitting 
diodes (OLEDs) and/or any other suitable display compo 
nents. Additionally, heading reference system 500 can 
include microcontroller 512 that receives external inputs 
from an external configuration module 514 (e.g., which may 
include the theoretical values and properties mentioned 
above and/or manual entries of additional parameters such 
as known and/or previously calibrated heading values) as 
well as internal inputs from any and/or all of the components 
of inertial measurement unit 502 (e.g., which may include 
data associated with the actual magnetic readings and any 
other related data). In some embodiments, system 500 can 
include a global positioning system (GPS) or other naviga 
tion sensors to provide additional navigation information 
(e.g., course of vehicle). 

In Some embodiments attitude and heading reference 
system 500 can be any suitable aircraft heading reference 
system, such as an integrated Standby unit, a primary or 
secondary attitude and heading reference system, an air data 
and attitude heading reference system, or inertial navigation 
systems; as well as any Suitable non-aircraft system such as 
a vehicle or inertial system that requires a source of heading. 

System 500 is responsible for determining heading and 
attitude of a vehicle using magnetometers 506 and acceler 
ometers 510. In some embodiments, such determination can 
be made while the vehicle is stationary (e.g., on the ground) 
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10 
and/or during normal operations of the vehicle (e.g. during 
aircraft flight). For example, in Some embodiments, an 
aircraft can be positioned at a specified flat area within 
airport grounds that can include designated markings iden 
tifying known magnetic headings (e.g., resembling a com 
pass rose) which can eliminate the need for obtaining 
multiple magnetic measurements in order to account for 
variations of the grounds surface. Microcontroller 512 can 
then determine calibration and/or re-calibration values for 
magnetometers 506 in order to provide a corrected heading 
and attitude of the vehicle in accordance with some embodi 
ments of the disclosed subject matter. As a result, the attitude 
and heading reference system can be used for measurement, 
computation and display of critical navigation information 
Such as, inter alia, pitch, roll, yaw, magnetic and true 
heading angles. 

In some embodiments, system 500 may further include 
one or more non-transitory, physical storage devices (not 
shown) that can store any and all data associated with the 
heading system 500 including, but not limited to, any data 
associated with the internal and external inputs. The storage 
device may further store computer program instructions 
associated with any or all of the above activities that involve 
adjusting the heading system (or associated components) 
including any activities discussed above with reference to 
FIGS. 1-4. The microcontroller 512 may communicate with 
the storage device to access any of the stored data and/or to 
execute any of the stored instructions. 

While there have been shown and described various novel 
features of the invention as applied to particular embodi 
ments thereof, it should be understood that various omis 
sions and Substitutions and changes in the form and details 
of the systems and methods described and illustrated, may 
be made by those skilled in the art without departing from 
the spirit of the invention. Those skilled in the art will 
recognize, based on the above disclosure and an understand 
ing therefrom of the teachings of the invention, that the 
general structure and functionality provided by and incor 
porated therein, may vary in different embodiments of the 
invention. Accordingly, the particular systems and methods 
shown in FIG. 1-FIG. 5 are for illustrative purposes to 
facilitate a full and complete understanding and appreciation 
of the various aspects and functionality of particular 
embodiments of the invention as realized in System and 
method embodiments thereof. Those skilled in the art will 
appreciate that the invention can be practiced in other than 
the described embodiments, which are presented for pur 
poses of illustration and not limitation, and the present 
invention is limited only by the claims which follow. 

What is claimed is: 
1. A method for recalibrating an aircraft attitude and 

reference heading system comprising at least one magne 
tometer, the method comprising the steps of: 

selectively positioning an aircraft on the ground along the 
Earth's Surface at a single known magnetic heading: 

obtaining an actual reading from the at least one magne 
tometer at the known magnetic heading while the 
aircraft is stationary on the ground; 

determining a theoretical reading for the at least one 
magnetometer at the known magnetic heading based, at 
least in part, on an attitude value that was determined 
during an initial calibration of the aircraft; 

calculating a recalibrated universal average gain and 
offset based, at least in part, on the actual reading and 
the theoretical reading; 
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utilizing the recalibrated universal average gain and offset 
to determine a recalibrated magnetic heading for the 
aircraft and recalibrate the heading system for mea 
Surement errors; 

determining a misalignment value based, at least in part, 
on a comparison of the known magnetic heading and 
the recalibrated magnetic heading; and 

utilizing the misalignment value to adjust the heading 
system for misalignment errors. 

2. The method of claim 1, wherein the initial calibration 
of the aircraft includes: 

Selectively positioning the aircraft on the ground along the 
Earth's Surface at a plurality of selected magnetic 
headings: 

obtaining a first set of actual readings from the at least one 
magnetometer at the plurality of selected magnetic 
headings while the aircraft is stationary on the ground; 

computing theoretical readings for the at least one mag 
netometer at the selected magnetic headings of the 
positioned aircraft based, at least in part, on a set of 
theoretical magnetic field properties of the Earth asso 
ciated with a location of the positioned aircraft; 

calculating a universal average gain and offset for the at 
least one magnetometer based, at least in part, on a 
comparison of the first set of actual readings with the 
theoretical readings for providing a set of calibration 
values for the heading system at the plurality of 
Selected magnetic headings for the positioned aircraft; 
and 

utilizing the universal average gain and offset to initially 
calibrate the heading system for measurement errors. 

3. The method of claim 2, wherein the plurality of selected 
magnetic headings for the aircraft comprise the North, 
South, East, and West magnetic headings for the aircraft 
during the initial calibration. 

4. The method of claim 2 further comprising utilizing at 
least one low pass filter to filter the provided set of calibra 
tion values of the selected magnetic headings for the posi 
tioned aircraft. 

5. The method of claim 2, wherein the step of obtaining 
the set of theoretical magnetic field properties further com 
prises obtaining the set from an organization that provides 
access to geophysical data. 

6. The method of claim 1, wherein the aircraft has an 
associated engine and avionics, the recalibration method 
being performed with the aircraft engine and avionics run 
ning. 

7. The method of claim 1, wherein the at least one 
magnetometer comprises a triaxial magnetometer. 

8. The method of claim 7, wherein the equation for the 
aircraft magnetic heading is: 

Where: 

9. A method for recalibrating an aircraft attitude and 
reference heading system comprising at least one magne 
tometer, the method comprising the steps of: 

Selectively positioning an aircraft on the ground along the 
Earth's Surface at a single known magnetic heading: 
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12 
obtaining an actual reading from the at least one magne 

tometer at the known magnetic heading while the 
aircraft is stationary on the ground; 

determining a theoretical reading for the at least one 
magnetometer at the known magnetic heading based, at 
least in part, on an attitude value that was determined 
during an initial calibration of the aircraft; 

calculating a recalibrated universal average gain and 
offset based, at least in part, on the actual reading and 
the theoretical reading; and 

utilizing the recalibrated universal average gain and offset 
to recalibrate the heading system for measurement 
COS. 

10. The method of claim 9, further comprising the step of 
compensating for misalignment errors, wherein compensat 
ing for misalignment errors includes: 

aligning the aircraft to a known magnetic heading: 
utilizing the recalibrated universal average gain and offset 

to determine a calibrated magnetic heading for the 
aircraft; 

determining a misalignment value based, at least in part, 
on a comparison of the known magnetic heading and 
the recalibrated magnetic heading; and 

utilizing the misalignment value to adjust the heading 
system for misalignment errors. 

11. The method of claim 9, wherein the single known 
magnetic heading for the aircraft is selected from the group 
consisting of the North, South, East, and West magnetic 
headings for the aircraft. 

12. The method of claim 9, wherein the at least one 
magnetometer comprises a triaxial magnetometer. 

13. The method of claim 12, wherein the recalibrated 
universal gain and offset are calculated, in part, using the 
equations: 

gai =X-(VI sin 0-HI cos 0 cos (p) 

YFY-(HI sin coS p-HI sin p cos sin 0-VI 
cos 0 sin (p) 

gai =Z-(-HI sin sin p-HI cos (p cost sin 0-VI 
cos 0 cos (p). 

14. The method of claim 9, wherein the aircraft has an 
associated engine and avionics, the recalibration method 
being performed with the aircraft engine and avionics run 
ning. 

15. A method for adjusting an aircraft attitude and refer 
ence heading system comprising at least one magnetometer, 
the method comprising the steps of: 

performing a calibration of the heading system associated 
with selecting at least one magnetic heading and posi 
tioning an aircraft on the ground along the Earth's 
Surface at the at least one selected magnetic heading for 
providing a universal average gain and offset; and 

adjusting the heading system to compensate for misalign 
ment errors, wherein adjusting the heading system 
includes: 
aligning the aircraft to a known magnetic heading: 
determining a misalignment value based, at least in 

part, on a comparison of the known magnetic head 
ing and the calibrated magnetic heading; and 

utilizing the misalignment value to adjust the heading 
system for misalignment errors. 

16. The method of claim 15, wherein performing the 
calibration of the heading system includes: 

selectively positioning the aircraft on the ground along the 
Earth's Surface at a single known magnetic heading: 
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obtaining an actual reading from the at least one magne 
tometer at the known magnetic heading while the 
aircraft is stationary on the ground; 

determining a theoretical reading for the at least one 
magnetometer at the known magnetic heading based, at 
least in part, on an attitude value that was determined 
during an initial calibration of the aircraft; 

calculating a recalibrated universal average gain and 
offset based, at least in part, on the actual reading and 
the theoretical reading; and 

utilizing the recalibrated universal average gain and offset 
to determine a recalibrated magnetic heading for the 
aircraft and recalibrate the heading system for mea 
Surement errorS. 

17. The method of claim 15, wherein the at least one 
selected magnetic heading for the aircraft during calibration 
is selected from the group consisting of a North, South, East, 
and West magnetic headings. 

18. The method of claim 15, wherein the at least one 
magnetometer comprises a triaxial magnetometer. 

19. The method of claim 15, wherein the aircraft has an 
associated engine and avionics, the calibration method being 
performed with the aircraft engine and avionics running. 

20. A method for recalibrating an attitude and reference 
heading system for a vehicle comprising at least one mag 
netometer, the method comprising the steps of 
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selectively positioning the vehicle along the Earth's Sur 

face at a single known magnetic heading: 
obtaining an actual reading from the at least one magne 

tometer at the known magnetic heading while the 
vehicle is stationary; 

determining a new theoretical reading for the at least one 
magnetometer at the known magnetic heading based, at 
least in part, on an attitude value that was determined 
during an initial calibration of the vehicle: 

calculating a recalibrated universal average gain and 
offset based, at least in part, on the actual reading and 
the theoretical reading; 

utilizing the recalibrated universal average gain and offset 
to determine a recalibrated magnetic heading for the 
vehicle and recalibrate the heading system for mea 
Surement errors; 

determining a misalignment value based, at least in part, 
on a comparison of the known magnetic heading and 
the recalibrated magnetic heading; and 

utilizing the misalignment value to adjust the heading 
system for misalignment errors. 

21. The method of claim 20 wherein the vehicle is a ship 
positioned in water along the Earth's Surface. 

k k k k k 


