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ABSTRACT

This paper discusses a procedure by which the absolute aligmment of the
magnetiz axes of a triaxial magnetometer sensor with respect to an external,

fixed, reference coordinate system, can be accurately determined,

The procedure does not require that the magnetic field vector
orientation, as generated by a triaxial calibration coil system, be known to
better than a few degrees fram its true position, and minimizes the number of

positions through which a sensor assembly must be rotated to obtain a solution,

Computer simulations have shown that accuracies of better than 0.4
seconds of arc can be achieved under typical test conditions associated with

existing magnetic test facilities.

The basic approach is similar in nature to that presented by McPherron
and Snare (1973) except that only three sensor positions are required and the
system of equations to be solved is considerably simplified. Applications of
the method to the case of the MAGSAT Vecior Magnetometer are presented and tie

problems encountered discussed.

INTRODUCTION

The problem of determining the absclute orientation of a magnetic field
vector has been solved traditicnally by assuming that the field orientation
can be accurately established by ihe geometry of a calibration ceil. This
method is generally sufficient to determine sensor orientaticns to within a
few minutes of arc from its true directicn but if higher accuracies are
required not only must we take into account additicnal parameters in the ccil

geanetry and its construction, but also its time and temperature stability.

A straightforward method of determining the absolute orientation of a
magnetic field vector is by rotation of a fluxgate magnetometer sensor (or any
other vector sensor) on a surface about an axis approximately parallel to the
field direction, The surface orientation can then be adjusted te obtain a

constant reading, independent of rotation angle, [t can easily be shown that




under these conditions the surface normal, as measured with respect to a
reference cocdinate system, is parallel to the applied magnetic field vecter,
It i ocbvicus that for maximun sen~{tivity, the field must be applied

approximately normal te the senser axis,

A major Jdrawback of thia approach ia the fact that accurate planar
rotations can only be obtained about the local vertical axis due to gravity
effects on the support structures,  In addition the method is extremely time
Sonsuming and regquires complex support iastrurentstion such as non~-magnetic,
precision, j-degrees-otf-rreedom fixtures of perfomance comparable to first

order theodolites,

[he procedure presented beliow cbviates the need for multiple rotations
aid 3pecial mounting Cixtures and allows the simultanecus determination of the
sensor assembly and test coil factility aligmment paraseters by means of a
simple (terative algorithm and measurements obtained for three discrete and
fixed sensor positions. Variations with time andd temperature of test coil

.

orientations Jdo not attect the detemination of the sensor aligmment 1t their
characteristic Lime {8 leng compared with the test time, Thus significant
savings in test time are realized since many ssurces of - rror which otherwise
would have to bo accounted for in a rather compl-x and interacting scheme, are

eliminated,

ALTGNMENT DETERMINATION METHOD

The baate assanption in the method 15 that f the deviatieons from
arthogonality of the senser asseabdly and test coils are amall (Wwithin 3 few
degrees) the measurements ~otained from a sonscr acuntad nommat o the Neld
directisn will reflect the sum of tne deviticas of toe sensor and test ooal

ystem,

A referencs coordinate system s Cirst accuraiely estaolished by a pair
of Crrst order thesdoities which are rigdly aounted to sgitable supports,
leveilaed and soferenced to g atabics acimctn direction, The oo1l osys =
orientaticn s oappraxvimately aiigacd with the reference coordinate system and
the magnet 1o N1cld veotars i the reterence and ool coerdinate aystems are

related Dy




He = (B) ﬁc (1)

where [B] = [I] (unit matrix) if the systems are nearly aligned. Thus, in
general , IBiJ’ <K 1 for i 43,

In analogous fashion we define a matrix (A] which relates the
measurements in the sensor coordinate system to the reference coordinate system

> >

MS = (A] Mo (2)

where ﬁs is the measured field vector. Again, if we assume near aligmment,

|Ay 1 << 1 for i 4 5 and |Ag ] ~ 0.

The problem then reduces to determining the elements of [A] from a set of
measurements obtained by varying ﬁc and [A] in a known way. This can be
accompl ished by energizing one axis of the coil system at a time and

reorienting the sensor assembly to exchange rows or columns of [A].

in general then we have
Ng = [A) A = (a] (8] A (3

Since the coils are energized one axis at a time and restricting ourselves to

s - > .
unit magnitude vectors, we can write H, as a unit matrix

= {11 (4)
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It then follows that the measurements can be organized in 2@ 3 x 3 wmatrix such
that

tﬁsl = (A] {B] (5)

Under the assumption that the off-diagonal elements of [A] and [B] are small,
we can rewrite (5) as




[HS] = {I + 8A) (I + 8B) v
and neglecting second order terus,

[MS] = (1] + [6A] « (8B] (n
It is worthwhile to express (7) in component form and we shall use the

upperscript (1) to indicate that these values correspond to the first sensor

position (axes nearly parallel to test coils axes)

- - -
() 1) (1
M ny Mo, 1 (axy*bxy) (axz+bxz)
SR LI AL ' (a._vb.) 1 (a__+b. ) | (&)
s Tyx yy yz |7 1 %yxyx yz"yz ‘
(n M :
sz sz M, '(azxszx) (azy’bzy) 1

The first subscript of Hij denotes the sensor axis being read while the second
denotes the coil system axis {(i.e., x, y, 2) which is energized. The same

convention applies to the elements of the matrices [A] and [B].

It Wwe now rotate the senscor assembly about the z-axis of the reference

system, by exactly 90°, the matrix [A)} will now take the form

Ay Txx Az
R
LA =z -a a a SR
Yy yx yz ¢
- ‘a K
azy X A2z

() - A
where we nave denoted vy [A] the resultant matrix. Note that this rotation

can be easily accomplished by means of reference theodolites and optical cubes

mounted on the sensor assembly, 2s Jdescribed later on in this paper.

If Wwe now energize the ooil system axes in tne same order as before we

have

[T T —" —— et
H -




or, in component form

[HSJ
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where the upperscript (2) denotes sensor position number 2,

-b_ )

(10)

()

Equations (9) and

(11} constitute a system of 12 equations in 12 unknowns but as shown by

McPherron and Snare (1973) the characteristic matrix of the system is

singular,

Thus an additional sensor rotation is required.

We choose to

rotate the sensor exactly 90° about the X-axis of the reference system,

sensor alignment matrix then hecomes

(a1¢3) .

- a
%2 XX

-a a
yz yx

-a a
2z zx

Energizing the cecil system axes in sequence we obtain

e

M

= M

e
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-y
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where the upperscript (3) denotes sensor position number 3.

equations (3), (11) and (13) allow the twelve coefficients aij'
be estimated.

cosine constraints.

e

The diagonal elements a. and bi

i

zy)

xy) (ayx

Cagy

-b

'byz

XZ)

)

The

(12)

(13)

It is clear that
(L £ 1) to

b1J

have to satisfy the direction




. 2y, /2
a;; = {1 - \§ di) )] (14)
i=1
if)
and
3
_ . 2y, 172 _
bii-U-\; bij )] (13)
_]:1
143

and hence can be calculated from the solution of (3), (11), and (13).

Note that it is not necessary te simultaneocusly sclve these equations,

since (3) and (11) ailow azx' azy bzy' a, ayz. bxz and byz to be determined

wnile the remaining coefficients can be determined using (11) and (13).

It is then convenient to express the sclutions as a set of four systems

of linear equaticns, as follows

— - -1 - (3)7
-1 0 1 1 Mxx
()
-1 J Q i M
. XX ,
(uljj = (lo)
(3)
v -1 0 -1 sz
(2)
LU ~1 } \)_ sz ]
_ = -
1 0 ] Q0 M
X
()
100 M
(c,. ) = =y an
2) =
L
- )
§] | 1 \ sz
(|
J H J 1 M
_ R LzyJ




- -
1 0 1 0 IxN
(1)
0 1 0 1 ]
[cy) = yz (18)
)
1 0 0 1 znn
(2)
ro 1 -1 0 z<~
-~ .
-— - -1 - AWVJ
1 0 -1 0 z<~
(2)
- M
1 0 0 1 yy
{c,.] = (3) (19)
43 0 -1 0o - M
Yy
(3
0 1 -1 0 M
L i A
with j=1, ... .4
wWe then form the estimated matrices
ﬂ> C C 7
. , 1
(13 " 1 31
mruman = nzA >mm nww (20)
Cp a2 >me
with
_ 2 2 172
i 2 2 /2 . “
»mm =[1 - Anzd + nuwvu (21) M
2 R 172 i
>ww = {1 - Anmd + (mmvu . 3
and “
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A e

T TP = s -nm

LC23 oy

B33 _l

with
2 2
Bll = [1 - (Cuu + C33)J
2 2
522 = (1 - (C1u + C3u)1 (23)
~2 2
B33 = [1 - (b23 + Czu)]

These matrices [A]est and [BJesc represent ocur first attempt to determine the

exact soluticn and hence, at this stage of the calculation we will have

M

3 est (24)

i=1,2,3
To improve our estimates we can utilize (24) to implement an iterative

(1) _ ryq(1)
G st g 1B

scheme which will converge to the desired result (M est est

To accomplisn this we first form the estimated matrices

‘A12 Ay A13
(2)
- . (25
(Al ., = A,y As, A23 (25)
- A. A
Ao 31 33
and - ~
'Ala ‘A13 Ay
(3)
Alagy = | A2 85 Ay (26)
-A -A A
P3¢ 33 31




where the Aij's are elements of une matrix [A]es We then ovtain the products

-

(1) (1)

[MS]est = [A]est {B]est
P (2) (2)
- 7
{ S]est = [A]est LB]est (27)
3 (3] (3)
=
! S]est - ‘A!est [B]est
and the differences with the measured values
(1)
- (1) .
- (fg) SEL S P
(2)
> _ 2 . {2)
M, = (M) - g, (23)
(3)
> - (3) >
AMB - [”S] - [MS]est

We then solve equations (14) through (17) utilizing the updated values of

[ﬁsl(1). [§S3(2) and [ﬁS](3) defined by

()

+ (1) » »

[HS] = [MSJest + AH]
(2)

s (2) _ :

(172 = thg) . o+ amy (29)
(3)

- (3) >

[Hs] = [MS]est + AM3

kth iteration (k—1)t.n iteration

until the smallest element of Aﬁ1. Aﬁz or A§3 does not exceed a predetermined

small value typically chosen as 10—9. When this condition is satisfied we

consider [A]es anc [B]es to be the desired solution.

t t

Note that in equation (28) the value of [ﬁ$](1). [ﬂsl(Z) and [HS](3)
remain constant during the iteration procedure since they represent the actual

measurements.
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it is instructive at this point te compare the present method with that
given by McPnerron and 3nare {19Y73). The basic difference is the method of
sclution of the approximate equation (7). 1In their paper they state that a
minimun of tfour Jdifferent orientations of tne sensor are required which lead
to a system of 30 eguations in 12 unknowns. The sclutien of this system 1s
implemented using tne singuiar value Jdecompeosition metnod of Lanzees. 1In the
present method, the selutien of equatiens (106) through (13) is rrivial and
oniy three s2ngor positions are required, considerably simplifying tne

measurements task.

COMPUTER SIMULATIONS

The procedure presented in tne preceeding section was programmed on an
IBM 5100 computer utilizing the APL language (IBM, 1977). This simulatiocn
prograa is snown 1n Jldppendix A. Tne inputs te the program were twoe matrices
[A] and [B] representing the coil and sensor misalignments., Representatives
values for [A] and {B) were chosen and the theoretical measurement value
computed. These values were in turn used to recover the al igmment matrices

{A) and {B} with the metn~d presented.

Twe examples are shown in Tables I and II. The first represents typical
values expected in the case of the MAGSAT Vector Magnetometer and a typical
coil system, ({Aj and [B] are the input matrices and (SV] and [BV] tue
corresponding estimated matrices. s can de ocobserved tne input matrices were
recovered exact to the 10tn decima: piace in enly {1 iterations. The second
example (Table II) represents an extreme case where angular misal igments as
large as 16.7° were allowed for the senser matrix. Again, the procedure
recovered the input matrices with an accuracy of T ox 13”10 in only b

iterations,

For these two exampies we have assumad that tne measurements are error
free. Below we iiscuss several sources °f error and their effect upon the

overall accuracy of tne alignment d2termination,

el e i i b e JRESWRRICWESWRERVERT W
. [ h




EXKUK SUUKCES AND JTHELK LMPACT UN OVEKALL ACCUKACI

Two fundamental measurement limitations must be taken into account to
estimate the overall accuracy of any aligmment method and they are: a)
resolution and b) noise. We will discuss later additional sources of error

which fortunately can be adequately accounted for by the aligmment

determinat.ion method.

The resolution with which we can obtain the measurements establishes a
minimum value of signal that can be reliably detected, For the MAGSAT case ;
this was not a limitation because the measurements were obtained with 6 digit
resolution. Thus in tne absence of noise, we theoretically resolved 0.1 uV of

signal which corresponds to 1 part in 4000 (the calibration constant for the

instrunent was 4 mv/nT or 2.5 x 10““ nT in a field of 50,000 nT, which

corresponds to an angular error of 1 x 19-3

seconds of arc, However, noise,
in both the coil systam and magnetometer, constitutes a more fundamental
limitation. Typical values of noise were Q.1 nT RMS for the coil system
"zero" fi»ld and 0.01 aT RMS for the magnetometer. Thus, it became extremely

important to minimize the calibration facility noise.

For purposes of discussion let's assume that the "noise" (including all
contributions) can be reduced to 0.05 nT by suitable procedures with a worst
case value of 0.1 nT. If tne test field is 50,000 nT, this implies that
angular deviations smaller than 0.2 seconds of arc, with a worst case value of

0.4 seconds of arc, cannot pe reliably detected.

These effects were simulated in the computer program where artificial
random "noise” in multiples of 0.4 acc second peak amplitude was added to the
theoretical measurements. The results of these simulations are presented in
Tables III and IV for the same cases previcusly presented in Tables I and II.
The number of iteration3 in this case was fixed at six since obviousiy the

10—9 pound for Aﬁi could not be achieved. As expected, the aligmment matrices
obtained show deviations of the same order of magnitude as the random noise
amplitude.
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An additional source of error is the accuracy with which the test field
can be established, Fortunately a proten precession magnetometer used to
determine the absoclute value of the field to better than 1 nT which, for the
small misal ignment angles involved, does not affect the values obtained to any
significant extent. However, to illustrate its contribution, let us assume
that the sensor and ceil system are misaligned by 0.3° and the field is in

error by 2 nT. For small angles

AHC
o = — a (30)
H‘\
where a = misaligmment angle
da = deviation of a from true value
ﬂc = applied fieid
AHC = deviation of applied field from true value.

The (Jllective anguiar error iciroducea is then ¢.04 arc seconds for a
50,000 nT test field. As indirated by «32) this error is properticnal te the
misaligmment angle ana hence they s'wvuld be made 1nitially as small as
possible. Tnis alse implies tnat the axis of tne reference coordinate system

should be aligned with tne coill system ax.s as accurately as pessible.

An additiecnal source of error which must be minimized is tnat due to
fieid ¥radients associated wit!i tne coll system., Since the sensor assembly
generally cannct rovave aboul the sensor axes, each rotaticn results in a
slight translation tor at least "woe oU Lhe tures sensars oonstituting tne
triad. Tuails translation .s unimportant unless tne field gradients are
r2latively large in whi~n case the senscors are 2xposed to different fields
depending on tneir position within the cnil system. It is clear from the
preceeding Jiscussion that the field wradient shruld be less than 0.1 nT
4 7055 tae argest Jdumension of cae sencor o ass=2mbly to maintain an overall

avcdracy comparsnle cootnat leterones by the neoise charaoteristics of the




Finally, we must consider the effects introduced by the presence of
magnetic materials in the immediate vicinity of the coil system which, by
induction effects, alter the direciion of the "free space" field produced by
the ccil system. Examples of this problem were the thedeolites themselves
which incorporate in their constructicon seft magnetic materials with high
effective permeability. Normally, these instruments are mounted remote from
the center of the coll system but unforturately close enough to introduce
seviations in the orientation of the generated field of the order of a few arc

seconds.

The magnitude of tie induction field can easily be determined wiih a
proton precesion magnetometer. Since the aligmment determination method does

not require precise knowledge of the coil system alignment, the theodolites

can be considered as integral parts of the system since their geametry and

orientation remain fixed during all the magnetic tests. This obviously can be
accomplished with great accuracy since first order instruments are generally g

used for calibration. g

APPLICATION TO THE MAGSAT VECTOR MAGNETOMETER

The sensor assembly for the MAGSAT Vector Magnetometer 1s shown in Figure
1. Three ring core fluxgate sensors are mounted orthogonally on a glass-
ceramic base. Two optical cubes were bonded to the sensor assembly as
illustrated in the figure and the relative alignmment of the cube faces
measured with a set of first order thecdolites. A description of the
magnetometer overall design and electronics has been given by Acuna et al.,

1978 and Acuna, 1980 sc it will not be repeated here,

The calibration and alignment tests were conducted at the Goddard Space
Fiight Center 6 meter Magnetic Test Facility. Two concrete piers separated by
approximately 400 meters established an optical azimuth reference, as shown in
Figure 2. This base'ine was used tc verify the absolute azimuthal orientation
of two first order theodolites mounted inside the coil building which
establ ished the primary, orthogenal, reference coordinate system, The system

was verified periodically by means of auxiliary mirrors and found to yield

1y



repeatable results with a typical uncertainty of less than 2 arc-seconds. The
facility was equipped with a state-of-the-art servo control system to monitor
and correct earth's field variations in the range of 0 to 25 Hz. The typical
noise level of the system was 0.1 nT RMS. All calibration activities took
place during selected "quiet" evenings to minimize errors due to refraction
effects by hot air currents and other significant Jdisturbances such as nearby
electric ratlroad traffic and wind induced distortions of the ceil building.
The computer programs Jdescrived in Appendix 'A' were meodified and expanded as

shown in Appendix 'B' for these tests,

During engineering model tests the etfects of cross-field non-1 _nearities
in ring-core fluxgate Jensors were evaluated and found to be significant for
fields greater than 15,000 nT. This problem is shown in Figure 3. Ring core
fluxgate magnetcmeters with large effective (t/d) ratios exhibit deviations
from linearity of the order of 1 part in 105 for fieids applied parallel to
the sensitive axis, This figure degrades significantly when a large field is
simult.aecusly applied in a Jdirection transverse teo the sensing axis, as shown
in Figure 3. This 1s Jdue to the appearance of large amplitude secend harmenic
S1gnals &t the sensor terminals which are in phasc quadrature with the signal
produced by the on-axis tield. These large signals affect the linear
operation of the electronics and lead to the observed insirument response.
Note that the response function depends upen the applied on-axis and

cross-ax1s fields.

The strategy tollowed tor MAGSAT was to mathematically medel out these
non-linearities rather than correct them in the instrumentation, To determine
the Jdependence of the aligmment angles with tne amplitude of the test field
caused Dy the non-linear respense, the method descriced in the previocus
section was used with tests fields of 55,000 n), 35,000 nT and 15,000 nT, As
expected, the results obtained for tne sensor aligmment matrix did vary with
the amplitude of the test field, but not theose for the test coil system
aligmment matrix. This, of course, 13 what would be anticipated since the

coil system alignment matrix is test-field amplitude independent,

Jne 1mportant fact derived from the medsurements was that only those

matrix elements associated with Jdirections 1n thue plane of 4 given 3enser ring




core were field amplitude dependent. This is not surprising since in the
direction perpendicul .r to the plane of the core there exists a large
demagnetizing factor due to the narrow ring-core-sensor geometry and resulting
small (¢/d) ratio (Bozorth, 1951; Acuna, 1969).

Thus we can write

-
r
Axx Axnyx.By) sz
(A] = Ape(ByuBY) AL Ay, (31)
A,y Ay (B, B) Azz_]

The functions Aij (Bi'BJ) constitute second order corrections te the basic
measurements and hence are not strong functicns of B, Thus for all practical

purpo2es choosing B1 = Bmeasured i (raw) in (31) above does not introcduce any

significant errors in the determination of the Aij terms. Typical results
obtained for Aij's as a function of the test field amplitude are given in
Table §.

Tne measurements were least squares fitted to functions of the form

A a, .B.
R % R 17
AiJ (Bi,aj) = . sin

J Aij

(32)

for A5, A,, and A31 with excellent results, Now (32) only models the
response to cross-axis fields without regard for the magnitude of the on axis

field. Hence (32) must be expanded to include this dependence

A, .(B) a, B
Ay, (BB = A gy A (33)
I B A, (B,)
J 13" 7i
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The functional form of Aij(Bi) was detemined experimentally by full 4 «»
steradian mapping of the instrument response function. The following
functional relation was found to fit the measurements with the required

accuracy

B, B

_ . J . J
AﬁJ(Bi) = C0 + <, Ri + LZ exp(Cs Bi —_— (34)

The final valuecs derived for the MAGSAT flight sensor coeffi. ents are given
in Tabple 6. The final absclute alignment accuracy achieved through the

measurement and medeling activity was estimated at t 3 arc seconds.

SUMMARY

A relatively simple procedure to accurately determine the absclute
aligmment of vector magnetometer sensors has been presented. The method
minimizes the number of senscr orientations necessary to obtain a solution and
requires simpie mathematical operations. Computer simulatiors have demon-
strated the rapid convergence of the solutions to exceedingly small values of
error, even for initial deviations from orthogonality as large as 16 degrees.
Several error 3scurces limiting the obtainable accuracy in practical
applications were presented and it was shown that angular determiration
accuracies of the order of 0.4 arc seconds are technically achievable.
Finally, the application of the method to the MAGSAT Vector Magnetometer
alignment was presented including second order effects associated with large

(t/d) ring core fluxgate senscrs,

1T
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FIGURE CAPTIONS

Figure 1 - Schematic representation of the MAGSAT Vector magnetometer triaxial
senscer assembly. Three ring-core fluxgate sensor: -re mounted orthogonal

to each other. Two optical cubes bonded to the assembly define the

reference coordinate system,

Figure 2 - The MAGSAT optical reference system as implemented at the NASA-GSFC
6-meter Magnetic Test Facility. The U4Q0-meter baseline stability was

checked periodically against steliar references.

Figure 3 - Response of large (t/d)-ratic ring-core fluxgate sensors to cross
and on~axics fields simultaneously, applied in the plane of the core. The
deviations from linearity are produced by large quadrature signals
generated by the sensor under these conditions (large external fields).
For external field < 5000 nT the effect is negiigible.
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TABLE 1

MAGSATSIM O
ENTER SIMULATED SENSOR ALIGNMENT MATRIX J

0:

A
ENTER SIMULATED COIL ALIGNMENT MATRIX
d:

B

AZY.BZX,AYZ,BXZ :0.008%9995 "0.0003674470.0070028 ~0.00012528
AZY,BZX,AYZ,BXZ :0.0089984 ~0.0003686170.007004 ~0.00012403
AZY,BZX,AYZ,.BXZ :0.0089984 ~0.000368617°0.007004 ~0.00012403

A
0.99999 0.002 0.003
0.0056 0.9995¢ -0.007
0.0001 0.009 0.99996 1
K
1.0000E0D 2.0000E"% ~1.2000E"Y%
S.3000E"S 1.0000E0 %.5000E Y4
“3.4700E"% 3.8900E-% 1.0000ED
SV . ‘ '
9.9999E"1 2.0000E-3 ~3.0000E-3 :
S.46000E"3 $.9996E~1 ~7.0000E-3 = Aot
1.0000E"4 9.0000E"3 9.9996E"1
BV .
1.0000E0 2.0000E"% ~1.2000E74 5
5.3080E-S 1.0000ED 4.S000E" Y z est
-3.6700E"% 3.8900E-% 1.0000EO



TABLE 11

MAGSATSINM
ENTER SIMULATED
0:

A
ENTER SIMULATEL
0:

<
AZY,BRZIX,AYZ., BXZ
AZY . BZX,AYZ. BXZ
AZY.,BRZIX,AYZ . BXZ
AZY,BIX,AYZ,BXZ

0

SENSOR ALIGNMENT MATRIX

COIL ALIGNMENT MATRIX

70,11 1.115

:70.10997 3,
:70.10997 4.
:70.10997 4,

HE"S70.30003 "4
9936E°5°0.30005
0079E"5°0.30005
6274E"570.30005

AZY,BZX,AYZ,BXZ :70.10997 4.0278E75°0.30005
AZY,RZX,AYZ,EXZ :70.10997 4. 028BE"S570.30005
A
0.974é8 n.1 9.2
0.05 0.95263 0.3
0D.005 “0.11 0.993%92
B
1.0000E0 S.0000E7Y 4.0000E7S
3.0000E76 1.4 00EDQ 2.0000E7Y
1.000C0E7S 4.5000E75 1.0000E0
SV
0.97468 .1 0.2
0.0% 0.95263 0.3
0.005 “0.11 0.99392
: BV
1,0000E0 S.0000E7Y 4.0000E7S
2.9993E 746 1.0000E0 2.0000E7 4
1.0000E7S 4.5000E7S 1.00C0FE0
21
- i A i -

. T67SET6
"8.03B%E"6
“B.6ST79E76
“B.7035E746
"8.7113E74

“8.712E76

Kl
1



TABLE 1II

MAGSATSIM 1
ENTER SINULATED SENSOR ALIGNMENT MATRIX

O:

A
ENTER SIMULATED COIL ALIGNMENT MATRIX
0:

3]

AZY,BZX,AYZ,BXZ :0.0089995 ~0.0003674470.0070028 "0.00012528
AZY,EBZX.AYZ,BXZ :0,0089982 ~“0.00036875°0.007004 ~0.000124%16
AZY,BZX,AYZ,EXZ :0.008998 ~0.000346899°0.007003F ~0.00012412
AZY,RZX,AYZ,EXZ :0.0089977 ~0.00036924°0.0070039 ~0.00012407

AZY,BZX.AYZ,BEXZ :0.0089975 ~0.00036949°0.0070038 ~J.00012403
AZY,BZX.AYZ,BXZ :0.0089972 ~0.00036974~C.0070038 ~0.05012398
N _
0.99999 0.002 0.003
0.0056 0.99996 "6.007
0.0001 0.009 0.99996
B

1.0000E0 2.0000E"% ~1.2000E°W
S.3000E°S 1.0000E0 4.5000E7 Y
"3.6700E7Y 3.8900E74 1.,0000E0

Sv .
0.99999 0.0019997 ~0.0029998
0.0055999 0.99996 “0.007 ’
0.0001 0.0090001 0.99996
RV
.0000E0Q 1.9978E°4 "1.2017E74

.29SS5E°S 1.0000E0 4.5002E74
L6688E Y J.8909E"4 1.0000E0

(A N

22



MAGSATSIM
ENTER SIMULATEDN
0:
A
ENTER SIMULATED
G:
R
AZY . BZX,AYZ ., BXZ
AZY,BZX,AYZ,BXZ
AZY ,BZX,AYZ, BXZ
AZY ., BZX.AYZ.EkXZ
AZY . BZX,AYZ., BXZ
AZY., RIX,AYZ, BXZ
A
0.97468 0
0.05 0
0.005 -0
B
.0000ES
.0000E "6
.0C000E"S
Sv
974468
.05
L0095 -
BV
.0000ED
L13BYUE TS
.00S1E7S

- O =
F=u

o0

[ =]

o (o)
£ - F

TABLT IV

1
SENSOR ALIGNMENT MATRIX

COIL ALIGNMENT MATRIX

70,11 1.1154E7570.30003 “y
:70.10997 3.999:E°570.30003
$70.10997 4.0117E7570.3000S
70.10997 4. 0295E°570.30005
70,10997 4.0264E75706.,.30005
UL 10997 4. 027E7S70.300039

1 0.2
95263 0.3
11 0.99392

+0900E"4%  4.,0000E7S
.0000E0 2.0000E" 4
.9000E7S 1.0000E0

.1 -002

L95263 0.3

.11 8.99392

LP9TBE "M 3.9951E7S

.0000ED 2.0003E7y

.S191E7S 1.0000E0
23

8.
9
-9
9.

TE?SETS

2689E 76

LO327E76
2I23METS

I76E76

T9.5215E76

et




Test Field Amplitude [nT]

Coefficient 15,000 35,000 55,000
Aey (B,20) - 1.0604 x 1073 - 9.26198 x 10~ - 7.10277 x 10-"
-4 " } -4

A, (B =0) 7.92 x 10 7.32 x 10 7.92 x 10
A (B.=20) 2.868 x 107> 2.61 -3 -3

- x> - 2. x 10 - 2.61318 x 10 - 2.18877 x 10

Ay, (B,=0) 2.208 x 1073 2.208 x 1073 2.208 x 1073

A, (B=0) 2.3325 x 1073 2.3325 x 1073 2.3325 x 1073
A,y (B,=0) - 2.8421% x 1073 - 2.65283 x 1073~ 2.33114 x 1073 a

24
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PEZL L LIEPYAD 11 (1=vF 2048, Lo

PEAL.2VePE AL, Uy 0 T3 PE
PP 30, 306 PRAD, 304

"HIGN HORMALIZED
BleAPCnPFL

B2 APGOCaPED
EZeAl 90 Pe %PF 3
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MAGHATSIN O
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e
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BL2, 20«0 -(BL, 1307
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Hl+AP«A+ 2P

AF00 36— (A0 B Db
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£377 SVI3,31€(1-(SVL3,11%2)+5V02 . 210, %0.5
(381 BVI1,13¢(1-(BV[1,21#2)+RJ01,30#2)#0.5
1391 ERVIL?2,236€01=CHBVLD2, 112 +BVL2,3I%2)%0.5
[4Y01 BVL3,3)¢(1-(BVL3 13#2)+BVL3,21%2)%0.0
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[461 APROP+APYIP+(L3+RI-AY0P+ . xBYV)

[473 SV’ ;SV;0AVILSTT, "BV, BV

[uB] TIe€I+1

(491 +(I=7)/0

[S071 =CCIMO1t4Me, (L1, (LD, L33 21E77) /001



Hx 4 (AdX 4 AS) B Ll

COUAEAKW TLISNODHd S8 ONOTLIZO .
e CLCASDTAHLAS)Y LS T TIEAS
Hx + (A +TAS) YR L]

CSY3M CLSNOIAY SH NOLLISOd.
LT 1CCASOE I CAG 301 ICAS
x4+ (AT +AS YR T L]

LBV TESNODEY TH NOTLISO .
TEddxg 0 0 0 (LadAxw) 070 0 (CT1dxy)d ¢ ¢ -4
CLCLITL EASIEAS T 0N ¥
ALDId0¥E3A

Ved ¢ 8 <242
TH(ZOtEY § 9 md T4 /-9 § g RIaT

YWl e (LE IZV41D 20T (LS AZ9E T I LT (LT A28 T a7

Wl

AL IZA4THIZALE (LT IZAY Y IZHL T (DT 1244 1) 12

S G N B ¥4
A OUWNHZ
AL T19YWA

rél
L]
43
[
£sll
Ll
L2l

ol

S P

L1l



R —

BT r——————ry

[123
£133
C141
L1583
L16]
7171
(183
£191
£203
£r217
[221
231
L2413
£251

£261

v

v

APPENDIX B

VMEASLTIIV
A MEAS R, P1,P2,P3

ATHIS PROGRAM ASSUMES THAT ROTH FIELDN POL. ARE APPLIED FOR EACH GENSOR POSITION

A A IS THE TEST FIELD AMPLITUDE AND R ARE THE CALIRRATION FACTORS [VOLTS/GAMMAL X,Y.Z

CO3: "ENTER MEASURED VALUES FOR POSITION HI (XD~ , 0. 10-U, W-E. N-S, X, Y. 2,
PlePl- 7 3 p(Ple 7 3 pPleidiL; ]
"DNIFFERENCE MATRIX FOR POS.H1',;P1
"ARE VALUES OK? ENTER YES OR NOP-
A (+/0="NOP "' )=3)/C03
"NORMALIZED MATRIX FOR POSITION H1 ', (PlemMAG P1)
COl: "ENTER MEASURED VALUES FOR POSTITION #2 (XAD-U, YaN-5) '
P2¢P2- 7 3 p(P2¢ 7 3 pP2¢[HI[1,;]
"DIFFERENCE MATRIX FOR POSITION #2' ;P2
"ARE VALUES OK? ENTER YES OR NOPS
F((+/M="NOP " )=3)/C0Ou
"NORMALIZED MATRIX FOR POS.H2'; (P2¢uMALG P2)
COS: "ENTER MEASURED VALUES FOR POS . H3 (XN-5,Y20--I)"°
P3PPI~ 7 3 p(P3e 7 3 pP3e(LL, ]
"DIFFERENCE MATRIX FOR POS.#3',P3
"ARE VALUES 0K? ENTER YES DR NOP’
S((+/0="NOP )=3)/C0%5
"NORMALIZED MATRIX FOR POS.H3', (P3ec8@MAG P3)
BleAPe¢P]
B2¢APYO P2
KE3¢APP0P¢P3
1 MAGSATSIM 0
"SENSOR ALIGNMENT MATRIX', S5V
"COIL ALIGNMENT MATRIX',BY

ORDER'



T e '

11

£23

L3l

£

(51

£6]

L?3

£el

£ro3l

riol
£117]
r121
1131
Ciuld
£151
£161
171
183
[(191
201
r211
£2213
£231
L2471
[253
L2671
£271
£281
£291
£301
{311
321

UMAGSATSIMINIV

V A MAGSATSIM K;I;ﬁ?U;A?OP;Hl;HQ;MS;MS;VAI,VRQ;VA3;VA5;

ah IS A CONTROL.1 FOR USE WITH MEAS, 0 FOR STAND ALONE

Ki¢ 33 p 011101110

K¢ 230011110101

K3¢ 33 p 1 100113 01
AK IS RANDOM NOISE IN MULTIPLES OF 0.%"°
+(A=1)/C02

"ENTER SIMULATEDN SENSOR AL IGNMENT MATRIX'
Ae(]

AEl;1]«(1—(A[1;2]*2)+AE1;3]*2)*0.5
A[Q;QJ*(1~(AE2;1]*2)+AE?;33*2)*0.
At3;3]e(1_(Ac3;1]*2)+Q[3;2]*2)*0.5
"ENTER SIMULATED COIL ALIGNMENT MATRIX'
Be[]
BCl;l]e(lw(EC1;23*2)+B[1;3]*2)*0.5
BEE;QJe(lw(BEQ;1)*2)+BE2;33*2)*0.5
H[3;33+(1~(B£3;1]*2)+BL3;23*2)*0.5
B1¢AP+A+ ., XR

A90[;3]ew(A90+0(10A))[;3]
ER¢AP90+AP0+ , xR

A0PL,; 1 Z3le-(AP0Pe¢10AL, 1 3]
R3¢APP0PA90P+, xR

Ei+ 3 3 p(,Bi)*KX1E“8x9?25

B2¢ 3 3 p(.BQ)+Kx1E”BX9?25

BZ¢ 3 3 p(,B3)+Kx1E 897205
CO2: MileBMle 4 4 o 1 0 10 010101
M2¢EM2¢ 4 4 p 1 i 001 i1 00 °
M3¢BM3¢+ 4 4 p 0 "1 1 00 1
MSeEMSe¢ 4 4 p 0 1 0 "1 1
Ie1
COl:VAI«APEl;QJ,APEI;3J,AP90E1;2],AP90[1;3]
V92+AP[2;1J.AP[3;1J,AP90£2;1],AP9UE3;1]
VAB*AP90[3;3],AP90PE3;IJ,APWOPE3;3],AP9OE3;1J

¢,

01
10 1
0o too01 101007

=

ﬁl;ﬁ?,n3;ﬁ5;H;Ll;LZ;L3,K1;K2;K3



(321 WALeAPYOl D, 01, &bPv0l), 23, APYOPLD. 21, aP20PT Y, 21

341 ALeMIs . xVAlL

351 A2eM2+  xXVAL2

L3361 AZeM3I+ . xVAZ

{371 ALeMOr, xXVATD

L3381 Ve 3 23 o1, ,A1010,, (CAIL2I+AS0L1 ) -2), ,A211D,, 1, ,AST2], , ((A2021+A43012)-2),,A3L21,.,1
[391 BVe 2 2 53, ((ARLEZI+ASLII=2), ,ALL4], , +((A2C3I+A3IHT+2), .1, AZL3], ,A204]., ,ASCH], . 1
F%07  SVIL1,106(1-(SVI1,23%#2)+5VI1,31%2)%0 .5
(13 SV, 20 (1~(SVL2, 1I%2)+8VLZ, 3)%x2) %0,
ru2l  SVEZ,33e(1-(SVE3, 13%23+5VIEE, L1x2) %0,
T3l BVEL1;13¢(1~(BVEL;2=20+BVI 1, 33%2) %0,
Cubd  BVYLZ, 20¢(1-(BVE2,13%2)+BVED, 31%2) %0,
LuS2 BYL3,31¢(1-(BVL3,13%2)+BYVI3, 21%2) =0,
[uéd  "AL3LR12,A31,R821 -7, ASCL 31,A301 4]
471 APeAP+(L1¢K1xR1-SV+, XEV)

881 QO+ 30L1)x360x3600G-02
(4?31 AY0L;31e-(AY0¢0(105V) [, 3]

L5071 AP9OCAPP0+ (L2eKDXR2-A90+ ., XBY)

[513 e 30L2)x3600x360-02

(521 &%0PL,; 1 3¢ -(AO0P¢10EVHT, 1 31

{531 APP0PCAPPOP+(L3¢+KIxEI-AF0P+, xEY)
L5543 e "30L3)x360014360-02

L9551 '8V 8V, IAVEL1S7], "BV’ BV

(H61 Tel+d
[571 A(I=7)/0

£983 0] 3600x360-02)x " 30IMI1tPIMe, (LL1), O, L2, L3D):21)/7C0O1

SRLEERG R RS

7
[

W ——p

[ — -
T ————




BaaEE e S

Lo

v
1]
£21
L3l
4]
{51

v

RN R,
faed L e beed td b e Lt

iR LN A

e
—

0107

v

-

YMaGL(1dv
JEMAG K
JeK o 7T 3 pR

ZUCI49Z0 12,000 70014920, 2000, 2162014920370 ;3060

ZUCItazZt , 11, 1 3eZ200104210,20)

el 4k e/ 9D pa & p8d, T2

2«7+ 3 % p.A

VERRORLITIV
A FPROR K, SV . 8V3.7T1, 72,73

afi IS THE TEST FIELD AMPLITUDE

Be 22 poaZxBUI, 00,0 CAXRI2D),0,0,0,AXBE3]
"POSITION #E RECONST. MEASS

[eT1eREs 20 GV, XBY)
GVRL, 316~ (GV26D {105V ;3]

"POSITION HD RECONST. MEAGS

[leT2enk4 X (V24 xRV)
SVIL; 1 33e-(8V3e10G6vViL, 1

"POSTITION H2 RECONST. MEASS

[le T3etk+ , x (8Y 3+, xBY)

33
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CALIBRATION FALTORS
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MIRROR (.750 CUBE )
/ ( TYP BOTH SIDES )

VECTOR MAGNETOMETER SENSOR
MAGSAT

Fig. 1
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