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INTRODUCTION

An essential requ1rement of an aircraft attitude control system is that
deV1at10n of the body axes relative to a reference axes frame must be sensed.
In addition, to overcome the ever-present possibility of errors or failure of
the sensors, various configurations of redundant sensors are usually employed
to assist in detection and correction of errors. To this end, there has been
a continuing effort to improve existing sensors, to develop new sensor config-
urations and to develop new sensor devices.

This paper discusses the role of a vector magnetometer! as a new instru-
ment for aircraft attitude determination. Although magnetometers have played
a role in the attitud¢ measurement of missiles and satellites [1], there is an
apparent lack of application in aircraft systems. By providing independent
measures of attitude, the solid state vector magnetometer sensor system can

'notionly assist in improving accuracy and reliability of existing systems,
but can also reduce component count ﬁith obvious benefits in weight and cost.
Additionally, since a large number of aircraft heading referencé systems de-
pend on measurement of earth‘s'magnetic field; it can be shown that by sub-
stituting a 3-axis magnetometer for the remote sensing unit, both heading and
attitude measurement functions can be derived using common elements thereby
further reducing the component count.

To investigate the feasibility of the above system, the paper will pro-
ceed by developing a thhniqué to determine attitude given magnetic field com-
ponents. Sample calculations are then made using earth's magnetic field data

acquired during actual flight conditions. Results of these calculations are

layiation use to date has been essentially scalar magnetometry.
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then compared graphically with‘mea;ured attitude data acquired simultaneously
with the magnetic data. The role and possible implementationrof various refer-
ence angleslis then discussed along with other pertinent considerations. Fi-
nally; it is:concluded that earth's magnetic field as measured by modern vec-

. tor magnetometers can play a significant role in attitude control systems.

ATTITUDE DETERMINATION

A. APPROACH

Coordinate systems are usually defined by -orthogonal right-handed sets of
three unit vectors. An example of such a set is illustrated in figure 1 where

the orientation of the body fixed frame used in this paper is delineated,

FIGURE |

Angular rotations are conventionally defined as rotations in the plane

normal to & unit vector with the positive sense of rotation defined by the
right-hand rule [2],



To derive relationships of atfitude variations as 'a function of magnetic
vecfor component variation we can proceed by considering matrix representatior;s
of an orthogonal transformation. If Hx, Hy and Hz are the magnetic compo-
nents measured at a desired airframe attitude and Hx', Hy' and Hz' are the
components measured after any rotation of the body, vector H' = [Hx' Hy' Hz']T
can be related to vector H = [Hx Hy Hz]T by an orthogonal linear transforma-
tion H' = AH . Here A must satisfy the orthogonality condition A Al =1 ,
where Al is the transpose of A additionally, the determinant of A must
be wnity [3], [4].

Rotations about the 2z axis in figure 1 result in yaw deviations {(y)

and result in new components (H') as shown below.

Hx' cCos ¢ sin ¢ 0 Hx
Hy! = |-sin p cos ¢ O Hy (1)
"Hz! 0 0 1 Hz

Similarly independent rotations about the vy axis and X axis result in
pitch - (6} -and Toll (¢) dependent variations in the measured i ‘components

and are shown below.

[Hx'" ] J[cose 0 -sin8][ Hx]
Hyt | = o 1 0 Hy - 2)
Hz! sin@ 0 «cos a|{ Hz

) L S

Hz' ] R 0 0 7|7 Hx
Hy!' 0 cos ¢ sin ¢|{ Iy | (3)
Hz' 0 -sin ¢ cos || Hz

- i L — o

The effect of a combined rotation can be expressed by using the prociuct

of the transformation matrices. In addition, if the rotations are small, the
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total rotation experienced by applying Sequential rotations is independent of

the order in which the rotations are performed [3], [4].

Hx! cos ¢ siny 0] [cos 8 0 -sine 1 0 0 Hx
Hy' | = |-siny cos v 0 | 0O 1 0 0 cos ¢ sin ¢ | | Hy
Hz' 0 0 1 sine 0 cos e 0 -sin ¢ cos ¢ Hz
| (42)
"Hx'] [ cos ¢ cos 8 sin ¢ cos 4 sin ¢ sin ¢ 7 [THz
+5in 8 Cos ¥ sin ¢ - sSin & cos ¢ cos ¢
Hy' | = |-sin ¢ cos & cos § cos ¢ Cos ¢ sin ¢ Hy
- sin ¢ sin y sin 6 + sin ¢ sin 6 cos ¢
Hz' | sin 8 -cos § sin ¢ oS ¢ COS 6 Hz
- D

Assume that' the angular variations 6, ¢y and ¢ are small enough so

that the small angle approximations -

sin 8 = 8
sin ¢ = w
sin ¢ = ¢ and
COsS B =2cos ¥ =cCos ¢ =1

can be made., Then, if the products of small angles (in radians) can be as-

sumed to be much smaller than the angles alone, the expression reduces to

Hx? 1 ¢ 0 Hx
Byt =1 -y 1 4 Hy (5)
Hz! 6 ¢ 1 Hz

Further modifications in the form of the matrices result in



" Hx! Hz Wy 0 0 Hx

Hy' | = 0 -Hz Hz v | + | Hy - (6)
Hz! CHx 0 -Hy | | ¢ Hz

By subtracting, we arrive at an expression for the difference in H com-

ponents as functions of angular deviation.

Hx' [ Hz AHx -Hz ly 0 8
Hy' | = |Hy | = | sty | =|0 -Bx Wz | |w| (7)
Hz! Hz | AHz x 0 -Hy ¢

It is significant to note at this point that the transformation matrix is
singular implying that solutions for 6, v and ¢ are not independently avail-

able.

ATTITUDE DETERMINATION EMPLOYING MAGNETIC FIELD COMPONENTS

A given orthogonal set of three unit vectors can be displaced in Euélidean
space by rotatlng the system throughAany angle ¢ about a directed rotation
axis. It is also customary to represent this rbtatlon vectorially as a directed
line-segment whose length is proportional to the rotatio? angle. This rotation
is analagous to the rotation experienced by the body fixed frame of figure 1
as the aircraft experiences combined pitch, yaw and roll variation. During
flight the body fixed.set rotates about this rotation axis assuming new (possi-
bly erroneous) attitudes in space. The task of the attitude sensing system is
to provide measures of compounded pitch, yaw and roll that would result in this
same attitude assuming that the rotations occured sequentially about the x, y
and z axes rather than the actual rotation axis.,

It was shown in the previous sectiom that a compounded rotation of an or-

thogonal set can be described by a product of respective transformation matrices,

A.'.
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Additionally it was noted that for small angular rotations the order of multi-.
plication is umimportant. Using the relationships of (7} expressions for the

angular deviations in terms of measured magnetic vector components can be de-

rived. -
tix = -z @ + Hy v yields - ‘ (8a)
6 = (Hy ¢ - AHx)/Hz and - (8b)
v = (Alx + Hz 0)/Hy . ()

Similarly,
AHy = -Hx ¢ + Hz ¢ (9a)
: b= Oz 6 - A/ o IS
b= Gy D/ |  ®
MMz = Hx - Hy ¢ | (102)
0 = (AHz + Hy ¢)/Hx | o (iOb)
q; = (Hx © - AHz)/Hy . | | (10c)

Assuming that Hx, Hy and Hz are nominal vector components as measured
in a reference attitude and that Hx', Hy' and Hz' are new field components
at the new attitude, then allx = Hx' - Hx , AHy = Hy' - Hy , 8Hz = Hz' - Hz

are expressions of the incremental changes in field components. Additionally

before using (8}, (9) or (10) to solve for attitude variations (pitch, yaw or
roll) one additional angle from an auxilliary sensor? nust be supplied. Using

one additional angle of rotation (about any one axis) the remaining two rota-

21t was noted following (7) above that a unique solution for attitude variation
" 1s not possible using magnetic field data alone.



tions can then be calculated.

To 1llustrate this point, flight data acquiréd.during the flight of a
NASA flown Convair 990 instrumented with a three axis magnetometer and a
Litton inertial navigation system was used to calculate roil; pitch and yaw.
Attitude variation about each of the %hree axes was calculated using measured
magnetic field components su@ported by one angle from the inertial system.

The results of these calculations are plotted in figures 2, 3, and 4.

It 1s significant to note that the rotations_shuwn occurred simultaneous-
ly (i.e., time base is the same for all three figures). The flight was at an
altitude of approximately 5,000 feet at an airspeed of approxiﬁatély 250 nau-
tical miles per hour,

w Although,the'data used to plot the attitudes shown in figures 2, 3, and
4 was not acquired specifically for this purpose, the correlations in measured
and calculated attitude clearly show that, within the limits of instrument ac-
curacy, signals proportional to attitude variatidn.can be derived using flight

data,

A POSSIBLE SYSTRM CONFIGURATION

Since the intent of this paper is to introduce the notion that magneto-
meter technology has advanced to the point where 3-axis magnetometers can be in-
corporated In aircraft attitude scnsing systems on a cost effective basis,
the system discussion will be limited in scope to describing a possible com-
bined heading and attitude measurement method,

Heading refefences fall into three classes; (1) those that depend on
earth's magnetic field, (2) those that depend‘on the use of a low-drift gyro-
scope to retain a preset azimuth, and (3) those (gyrocompasses) that depend
on sensing: earth's rotatfon [5]. By far tﬁs'gréatest number of aircraft

heading systems depend on earth's magnetic field, although many of these in-
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clude gyroscopes to improve the perfoimance characteristics.

A popular system combination (with no gyro) is to combine a pendulous
rémote magnetic sensor‘and a‘synchro receiver in a null seeking circuit. The
philosophy being to attempt to measure only the horizontal component of earth's
magnetic field and to swing the receiver into alignment with it. Under accel-
eration, departures of the sensor unit from'the horizontal result in angular

heading errors [5] ¢

EE% tan vy sin © .

=]

Where aH 1is the horizontal acceleration
g 1is the acceleration due to gravity
8 1s the angle between the acceleration vector and magnetic north

y is the magnetic field dip angle; arctan (verticle field/
horizontal field)

Accuracy of this system can be improved by incorporating a strapped-
down solld state magnetlc sen51ng un1t (free of acceleration errors) that
nmeasures and dlsplays the angle of earth?s horlzontal magnetic component

relative to the aircraft, This system can be implemented as follows:

(a) Determine the direction of the magnetic vector (F) relative to the
sensors (and the airframe), by measuring x, y and 2z components
(figures 1 and 5). The direction cosines cos a, cos B, Cos y are
the cosines of the angles o, B, v between the magnetic vector and
the positive x, y and 2z axes. Additionally,

x2

Cos a =
. NN AR N V)

ar



FIGURE 5

2
Y
cos B = -
(xz R Yz . Z2)1[?
Cos y = 22

(XZ + YZ R Z2)1/2 g

(b) Using either a vertical reference? or knowledge of aircraft attitude,
we can effectively rotate the body axes such that the X-y plane is

horizontal (yielding corrected values for measured x and y mag-

netic components).

(c) Simple application of direction cosines will yield the direction of

magnetic north in the aircraft's x-y plane.

oy

3not necessarily derived inertially (11].

&t
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Although the above discussion implies that.heading can be dgtermined by
using a strapped-down magnetometer, there remains the problem of attitude de-
ténmination. Another widely used system for obtaining a heading reference is
to combine the relatively excellent short term stability of’a dire;tioﬁal
gyroscope with the long term stability of magnetic field measurements. By
slaving the directional gyroscope to the magnetic field [5ssection 10.4.7],
gyroscopes with relatively large free drift error can be used to provide an
excellent heading reference.

Réplécement of the pendulous remote sensing wnit of this type of system
with a strappéd-down vector magnetometer would result in both heading and at-

titude information on a continuous basis. This combination would operate as

follows:

(a) The system is initialized by determining a reference attitude tper—
haps by using a primary inertial attitude system].‘
(b} The angular position of the horizontal magnetic field component is
computed as above and used to slave the dlrectlonal gyroscope,
(c)- The dlrectlonal gyroscope with relatlvely good short term stability
(dev1ces W1th free drift of less than 0.5 degrees per hour have been
designed), is used to determine yaw (y) efrors. \
(d) For small angle deV1at10ns, equatlons [8), (9) and (10) can be em-
ployed to recalculate aircraft attitu&c, The process loops back to
step (b] above closing the loop on a combined attitude and heading

refercnce system.

The sampling frequency required to maintain an acceptable level of error
is of course determined by the aircraft performance expected (angular rates)
and by the gyro error (drift rate plus errors due to additional sources such

as gyroscope tilt from vertical). The overall system is such that heading can

e
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be determined as before with errors due to sensor departures from horizontal
substituted for long term accumulation of attitude uncertainty (this can be
corrected by looping to step‘(a) at a frequency dependent on error rates).
Additionally one gains measurements of attitude with minimal computation and
replacement of a mechanical remote sensing unit with a solid state strapped-

down magnetometer sensor.

OTHER CONSIDERATIONS

The characteristics of earth's magnetic field and its variations have
long been established [6]-[10]. Since the field is to be used as a reference
in the attitude measurement scheme, there is a need here to discuss its ad-
véise characteristics. Although the field does experience variation, most
of the variation is either in amplitude (ionospheric contributions) or has
time constants that make the variation negligible (secular variation),.

In traversing local anomolies, there will however be deflections in.the
ambient field due to the additive effect of local dipoles or monopoles. The
effect of local terrain caused anomolies can be visualize& by picturing the
main field vector oriented in space with a second modulating vector rotating
at its tip. Maximum angular error would occur when this modulating vector
has maximum magnitude and is positioned at right angles to the main vector.

To illustrate the effect of local anomolies one can calculate the level
of anomoly required to cause an error. Since earth;s main field is typically
in the order of 0.50 gauss it is readily apparent that a local anomoly of
approximately 0.01 gauss at right angles to the local field is réquired to
cause an error of one degree. Furthermore, the local anomoly would have to
be aligned with one of the aircraft body axes to result in one degree of
attitude error in any one axis. Fortunately, anomolies with components of

this magnitude positioned at right angles to the main field are extremely
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rare. In addition the anomolies afe localized over ore bodies or other geo-
physical irregularities, have magnitudes that diminish as the cube of alti-
tude and tend to average to zero over relatively short distances. In sumary,
the probability of encountering an anomoly that would cause as much as one
degree error is relatively small. The error, if introduced,will be short
lived and unlike drift error will average to zero,

Fundamental to a magnetic field referenced system is the ability to
measure orthogonal components of the;field vector. Precision and accuracy
of measurement of the components is of course'specified by the desired con-
trol specifications.

- Sincé the earth's magnetic field varies in magnitude on a global basis
between 0.3 gauss and 0.6 gauss (30,000 gamma to 60,000 gamma} it is apparent
that full scale measurements of 0.6 gauss can be expected. Sensors mounted
at right angles to the field will monitor no measureablé field and thus de-
fine the iower limit of measurement to be zero. For the contlnental U.S. A
the decllnatlon varies between 60 and 80 degrees resultlng in a range in
horlzontal component of 0,15 to 0.25 gauss with Vertlcal component in the
range of 0.4 to 0.55 gauss. Heading variations (yaw) result in changes of
the horizontaily‘sensed fiéld components and would.specify the maximum pre-

- cision rvequired, In addition, flight‘at 45° + (n XVQOO) (where n 1is any
whole number} with respect to magnetic north results in minimum sensitivity

of the x and y axes measurements. In this case sensor inputs would range
between 0.1006 and 0.17?‘gauss with. minimun field at the north. Assuming the
above ambient muasuremean, variations in component magnitude of dapproximately

0.0180 to 0.0305 gauss per degree for small angle variations can be expected,

A brlef survey of commercial magnetometer manufacturers reveals that

triaxial magnetometers that measure from zero to 0.6 gauss with linearities
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of 0.5%, noise less than *1 milligauss and sensitivities of at least 2.5
volts per 600 milligauss are Currently available, In addition; these devices
have a bandwidth of d.c. to at least 500 Hz and are rated to have less than

1 degree error in orthogonality.

From a precision standpoint, it is apparent that variations in yaw for
this worst case situation can be sensed to better than 0.1 degrees with cur-
rently available magnetometer tethﬁblogy. The sensor technology reqguired to
implement an attitude sensing system of reasonable specificgtions is available,

Although the calculations above indicated that for small angular varia-
tions attitude can be célculated using measured magnetic data, there is a
need to consider the effects of larger finite rotations. In this case the
sﬁall angle assumptions would not be valid and an Euler traﬁsformation would
have to be made, Measurement of three axes of field éomponénts could be used
to develop the ditrection cosines required to determine the orientation of the
axis of rotation,;the angular rotation about it and the three angular rota-
tions of pitch, roll and yaw, l

~For the special case where the axis of rotation aligns with the magnetic
vectdr, there woﬁld of course be no measured component changes*. By measur-
ing the attitude of a second vector (not in alignment with the magnetic vec-
tor), we could resolve the ambiguous situation cited above and provide addi-
tional redundancy. |

The optimm auxilliary vector would be one that could be sensed‘without

.

using inertial devices. Farth's electric field is considered in this paper.

“An example of this would be yaw rotation while flying straight and level over

the magnetic poles or roll rotation while flying towards a pole at the mag-
netic equator, :
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The main reason for cpnsideriﬁg this field as a means of providing an
auxilliary angular reference is that the resultant systém has potential of
being completely solid state. The electric field vecfor can be used to deter-
mine attitude variation in a manner analagous to the magnetic vector system.
Inherent limitations of each singlervector system can be obviated if the vec-
tors are not coincident. | “_

Although Hill [11] reported success.in controllingapitch and roll using
the electrostatic field alone, comments by Markson [12] indicate that the
electrostatic field is not always a reliable vertical reference. Employment
of the electrostatic field for this attitude meésurement System are limited
tq augmenting the magnetic field measurements by eliminating ambiguity of mo-
tion around the magnetic vector. The requirement of vertical electrostaFic
field is thus removed and replaced by a requirement that the field difec£ion
is relativély stable. ‘

By using two independently derived vectors we have sufficient data to
obviate the ambiguity cited above and have the potential of providing redun-

dancy as well. . .

CONCLUSION

This paper has identified a novel method of measuring aircraft‘attifude
using relatively inexpensive, well developed instrumentation. It has recog-
nized that magnetic field sensing systems have been used to some extent in
attitude sensing and cdntrol of space vehicles: it has also suggested however,
that with appropriate support, magnetometers can find increased appiication in
aircraft attitude measurement systems.

The above claim is corroborated by actual flight test data, Magneto-
meters have evolyed to alpoint where three axis measurements of. earth's mag-

netic field can be made with sufficient precision and accuracy enabling .

ar



18

measurement of small angle attitude variations.

The paper has also discussed a possible system configuration combining’
heading determination and attitude measurement functions. By replacing the
conventional remote sensing unit with a 3-axis magnetometer, it has been
suggested that both functions can be obtained with the hardware required pre-
viously for heading measurement alone.

As with any system, there are limitations iﬁposed. The main limitation
for a vector magnetometer system seems to be the inability td sense rotations
around the magnetic vector itself. This pr?blem is not unlike the ambiguity
experienced by magnetic heading systems at high latitudes. By judiciously
1ncorporat1ng aux1111ary instruments, not only can the amb1gu1t1es be removed
but a degree of redundancy can be added while still malntalnlng a cost and

weight advantage over comparable systems.
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