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(57) ABSTRACT 

A positioning and calibration system are provided for use in 
calibrating a single or multi axis sensitive instrument, such as 
an inclinometer. The positioning system includes a positioner 
that defines six planes of tangential contact. A mounting 
region within the six planes is adapted to have an inclinometer 
coupled thereto. The positioning system also includes means 
for defining first and second flat surfaces that are approxi- 
mately perpendicular to one another with the first surface 
adapted to be oriented relative to a local or induced reference 
field of interest to the instrument being calibrated, such as a 
gravitational vector. The positioner is positioned such that 
one of its six planes tangentially rests on the first flat surface 
and another of its six planes tangentially contacts the second 
flat surface. A calibration system is formed when the posi- 
tioning system is used with a data collector and processor. 

32 Claims, 5 Drawing Sheets 
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POSITIONING SYSTEM FOR SINGLE OR 
MULTI-AXIS SENSITIVE INSTRUMENT 

CALIBRATION AND CALIBRATION SYSTEM 
FOR USE THEREWITH 

ORIGIN OF THE INVENTION 

tunnel experimentation to measure pitch and roll. The accel- 
erometer can also be used for alignment and the detection of 
relative movement in mechanical joints. The triaxial acceler- 
ometer system incorporates three mutually orthogonal accel- 

5 erometers mounted in a rigid housing. Note that the alignment 
in the housing is more accurately described as near-orthogo- 
nal due to fabrication imperfections of the housing and the 
internal misalignment of the sensitive axes of the accelerom- 

lo eter system provides simultaneous measurements of the pro- 
jection of the gravitational vector onto a three-axis Cartesian 
coordinate system thereby enabling the prediction of sensed 
pitch and roll angles through trigonometric relationships. In 

The highest angular sensitivity, and thereby the most accu- 
rate angle measurement, is achieved when a sensitive axis of 
the (single or multi-axis) accelerometer is oriented perpen- 

1. Field of the Invention dicular to the gravitational vector. In this near-level position, 
This invention relates to the calibration of single or multi- 20 the accelerometer is said to be in its sensitive attitude. As the 

device is moved away from its sensitive attitude, there is a 
corresponding deterioration in the measurement resolution. 
For small angles, the device remains highly accurate. How- 
ever, in the limiting case, the device’s sensitive axis is col- 

25 linear with the gravitational vector resulting in coarse predic- 
2. Description of the Related Art tions of angular orientation. By employing three 
Many well-known single or multi-axis sensitive instru- accelerometers simultaneously, at least two of the individual 

ments, which when used typically require their orientations to devices will be less than 45” away from their sensitive attitude 
be moved through known rotations about a fixed field, are regardless of the orientation of the triaxial system. This maxi- 
commonly used. A few examples of these types of devices 30 mum deviation is derived from the orientation when two of 
include a magnetometer, a gyro, an optical system, and an the three accelerometers sense equal components ofthe gravi- 
inertial-based attitude measurement instrument. tational vector. Using this strategy, the triaxial system design 

Inertial-based attitude measurement instruments are more performs a trade-off among the relative contribution of the 
commonly known as angle measurement instruments or incli- individual accelerometers in determining the projected gravi- 
nometers. One type of inertial-based angle measurement sys- 35 tational components in any orientation. 
tem is the quartz flexure accelerometer that is routinely used prior to use, single or multi-axis accelerometers must be 
in wind-tunnel experimentation. These accelerometers can be calibrated, previous calibration systems rely on precise angu- 
single or multi-axis sensitive devices. The accelerometers lar positioning of an accelerometer using a mechanically 
measure static acceleration with respect to the earth‘s gravi- complex sequence ofrotary tables mounted in a known (near- 
tational field and produce an electrical current that is propor- 40 level) orientation relative to the gravitational coordinate sys- 
tional to their orientation relative to the earth‘s gravitational tem, while these systems represent the in 
field reference. More specifically, the Current is ProPortional accelerometer calibration, they also possess certain weak- 
to the sine ofthe angle between a Plane that is normal to the nesses. For example, these systems are costly and are perma- 
earth’s gravity vector and the internal axis of the accelerom- nently mounted in a laboratory thereby them incorn- 
eter. In other words, the accelerometer is sensitive to changes 45 patible for in-& calibration, addition, they require a 
in its orientation with respect to level, however it is insensitive complex calibration procedure to partially for the 
to rotations about the earth’s gravitational vector. The change near-levelness of the mounting surface and the orthogonal 
in current with respect to the change in acceleration is called misalignment among the sequence ofrotary tables, 
the sensitivity. When the accelerometer is in a level orienta- 
tion, it produces a near-zero current, Le., not exactly zero due 50 
to an internal electrical imbalance referred to as the bias. 

To convert the differential current to a differential voltage 
for more convenient measurement by a data acquisition sys- 
tem, a precision resistor can be placed across the accelerom- 
eter’s output terminals. Hereinafter, this electrical signal is 55 tion system for use therewith, 
referred to as the accelerometer’s response. The accelerom- 

duces a current proportiona~ to the internal temperature ofthe 

temperature sensor output terminals to provide a tempera- 60 
ture-induced voltage response also referred to as the tempera- 
ture sensor output. Due to the construction ofthe device, the 
accelerometer’s bias and sensitivity vary with temperature, 
and therefore a calibration model of the device typically 
incorporates temperature compensating coefficients. 

Combining three single-axis quartz flexure accelerometers 
forms a triaxial accelerometer system that is used in wind- 

Pursuant to 35 g1 19, the benefit Of priority from 
provisional 601740,292, with a date OfNov. eter with respect to its external case, The triaxial accelerom- 
21,2005, is claimed for this non-provisional application. 

This invention was made in part by employees of the 
United States Government and may be manufactured and 
used by or for the of the United States of 
America for purposes without the payment of 
any royalties thereon or therefor. 15 any orientation, two angles can be determined. 

BACKGROUND OF THE INVENTION 

axis sensitive instruments, such as an inertial-based attitude 
measurement instruments or inclinometers. More specifi- 
cally, the invention is a positioning system used for single or 
multi-axis sensitive instrument calibration and a calibration 
system that can be used with the positioning system. 

SUMMARY OF THE INVENTION 

Accordingly, it is an object of the present invention to 
provide a system that can be used to position a single or 
multi-axis sensitive instrument for calibration and a calibra- 

eter also typically includes a temperature sensor that pro- Object Ofthe present invention to provide a system 
that can be used to position a single or multi-axis sensitive 

h o t h e r  object ofthe Present invention to Provides system 
that can be used to position an inertial-based attitude mea- 
surement instrument for calibration and a calibration system 
for use therewith. 

Yet another object of the present invention to provide a 
65 system that can be used to position an inertial-based attitude 

measurement instrument for a simple in-situ calibration pro- 
cedure. 

device, In a similar manner, a resistor can be placed across the instrument for a simp1e in-situ procedure. 
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Other objects and advantages of the present invention will is referenced generally by numeral 10. Cuboidal frame posi- 
become more obvious hereinafter in the specification and tioner 10 forms the basic structure of the positioning system 
drawings. of the present invention. More specifically, cuboidal frame 

In accordance with the present invention, a positioning and positioner 10 can support a single or multi-axis inclinometer 
calibration system are provided for use in calibrating a single 5 such as an accelerometer (not shown) that is to be positioned 
or multi-axis sensitive device. While the following descrip- for calibration in accordance with the teachings of the present 
tion and figures, by way of illustration only, include details invention. As stated above, as will be readily apparent to one 
relative to the calibrating of an inclinometer, it will be readily of ordinary skill in the art, the type of axis sensitive instru- 
apparent to one of ordinary skill in the art that the type of axis ment being positionedcalibrated (an inclinometer), is not a 
sensitive instrument being positionedcalibrated is not a limi- i o  limitation of the present invention, nor is the type of incli- 
tation of the present invention, nor is the type of inclinometer nometerreferenced. However, by way of illustrative example, 
referenced. Specifically, it should be understood that the the remainder of the description will make reference to the 
present invention can be used to test and calibrate a wide positioninglcalibration of a tri-axial accelerometer having 
variety of single or multi-axis sensitive devices or instru- three mutually orthogonal axes of sensitivity. Such devices 
ments. For example, it is within the scope of the present 15 are well-known and understood in the art. If the device is 
invention to test and calibrate: a magnetometer relative to the equipped for temperature sensing, the present invention can 
earth’s magnetic field; a gyro relative to the earth’s rotational be adapted to also collect temperature data as will be 
field or relative to an induced rotational field; an optical explained later herein. 
system relative to a fixed light source(s), etc. Positioner 10 includes a rigid frame 12 to support an accel- 

The positioning system includes a positioner that defines 20 erometer (not shown) in a test position. In the illustrated 
six planes oftangential contact. Amounting region within the example, a piece of rigid material (e.g., metal, composite, 
six planes is adapted to the axis sensitive instrument (e.g. etc.) defines a cube shape having six planes 12A-12F. Frame 
inclinometer) coupled thereto such that each axis of sensitiv- 12 is partially hollowed out to define a mounting region 12G 
ity of the instrument is approximately parallel to four planes within planes 12A-12F. To simplify coupling of an acceler- 
of the six planes and perpendicular to two opposing ones of 25 ometer to frame 12, the cross-sectional shape of frame 12 can 
the six planes that are not included in the four planes. The be U-shaped as illustrated. 
positioning system also includes means for defining first and Attached to frame 12 at each ofplanes 12A-12F are contact 
second flat surfaces that are approximately perpendicular to feet 14 that define tangential contact planes forpositioner 10. 
one another with the first surface adapted to be oriented As shown, each of planes 12A-12F has three contact feet 14 
relative to a local or induced field, such as a gravitational 30 coupled thereto with the outboard tips thereof defining a 
vector if the instrument is an inclinometer. The positioner is unique plane. If contact feet 14 associated with a given plane 
positioned such that one of its six planes tangentially rests on 12A-12F have the same height H, then the aforementioned 
the first flat surface and another of its six planes tangentially unique plane will be parallel (or approximately parallel) to its 
contacts the second flat surface. A calibration system is associated plane 12A-12F. In this way, the planes defined by 
formed when the positioning system is used with data collec- 35 contact feet 14 define a cuboidal set of tangential contact 
tion and processing means adapted to be coupled to the instru- planes. 
ment. The outboard tip of each contact foot 14 is preferably 

rounded for reasons that will be explained further below. In 
the illustrated example, contact feet 14 comprise rigid balls. 

40 However, it is to be understood that each contact foot 14 could 
FIG. 1 is a perspective view of a cuboidal frame positioner be defined by a protuberance having an outboard tip defining 

forming part of the positioning system being used to calibrate a tangential point of contact. 
a single or multi-axis inclinometer in accordance with the As mentioned above, mounting region 12G supports an 
present invention; accelerometer to be tested. To maintain clarity of illustration, 

FIG. 2 is a perspective view of the positioning system in 45 only the accelerometer’s mutually orthogonal axes of sensi- 
accordance with an embodiment of the present invention; tivity are shown and are referenced by coordinate arrow set 

FIG. 3 is a perspective view of an L-shaped table top that 15. Thus, for a triaxial accelerometer having three mutually 
can be used in the positioning system; orthogonal x,y,z axes of sensitivity, the accelerometer is posi- 

FIG. 4 is a graphic depiction of a Cartesian coordinate tioned on and coupled to mounting region 12G such that each 
system aligned with the earth’s gravitational vector; 50 sensitive axis is aligned (i) parallel (or approximately paral- 

FIG. 5 is a perspective view ofthe positioning system as lel) to four of the six tangential contact planes defined by 
part of a calibration system being used for the in-situ calibra- contact feet 14, and (ii) perpendicular (or approximately per- 
tion of an accelerometer mounted on the positioning system; pendicular) to the other two (i.e., opposing) tangential contact 

FIG. 6 is a perspective view of another embodiment of a planes defined by contact feet 14. 
calibration system that is equipped to collect temperature 55 Referring now to FIG. 2, an embodiment of the positioning 
data; system in accordance with the present invention is shown and 

FIG. 7 is a perspective view of an H-configuration posi- is referenced generally by numeral 20. Positioning system 20 
tioner shown in isolation for positioning two instruments in a includes positioner 10, a planar top table 22, and an alignment 
mirror-image orientation; and frame 24. Planar top table 22 is any block of material, table- 

FIG. 8 is a perspective view of another embodiment of a 60 like structure, etc., that defines a flat surface 22A. Alignment 
positioner shown in isolation and configured to position mul- fence 24 is any block of material or other structure that defines 
tiple instruments in the same orientation. a flat surface 24A and that can be placed on flat surface 22A 

such that flat surfaces 22A and 24A are perpendicular (or 
approximately perpendicular) to one another. For example, 

65 planar top table 22 could be made from a slab of granite and 
fence 24 could be made from a separate piece of wedge- 
shaped granite. The relationship of table 22 and fence 24 can 

BRIEF DESCRIPTION OF THE DRAWINGS 

DETAILED DESCRIPTION OF THE INVENTION 

Referring now to the drawings and more particularly to 
FIG. 1, a cuboidal frame positioner is shown in isolation and 
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be provided by two separable elements (FIG. 2), or could be 
provided by a single L-shaped table top 30 as shown in FIG. 
3. Table top 30 is constructed to have flat surfaces 30A and 
30B perpendicular (or approximately perpendicular) to one 
another. 

As will be explained further below, flat surface 22A or 30A 
is ideally oriented in a plane normal to the earth's local 
gravitational vector. In other words, ideally, flat surface 22A 
or 30A should be leveled prior to performing in-situ calibra- 
tions of an accelerometer coupled to positioner 10. Accord- 
ingly, height adjusters 26 can be positioned (e.g., temporarily 
or permanently) at a minimum of three locations under planar 
top table 22 or (L-shaped table top 30). Since in-situ leveling 
may not be exact, a calibration procedure should preferably 
be used that accommodates a flat surface 22A or 30A that is 
approximately perpendicular to the level gravitational vector 
as will be explained further below. 

In the ensuing description, the positioning system of the 
present invention will be used as part of an in-situ calibration 
system for an accelerometer (e.g., a triaxial accelerometer in 
the illustrated example). The disclosed calibration system 
enables the estimation of the calibration coefficients, requires 
a minimal number of design points, and defends against sys- 
tematic errors. In addition, a new mathematical modeling 
approach is disclosed that simplifies the coefficient estima- 
tion and data reduction. 

Prior to describing the novel modeling approach, a brief 
description of the known art mathematical model used to 
characterize a triaxial accelerometer system will be 
described. This known art model is based on the non-linear 
trigonometric relationship between the electrical signal 
response and the angular orientation of the device and is given 
by 

where x is the angle between the accelerometer's sensitive 
axis and the earth's gravitational vector, y is the electrical 
signal response ofthe accelerometer, b is the bias, and S is the 
sensitivity. 

In a triaxial system, additional model parameters are 
required to compensate for the cross-axis sensitivity that 
results from the near-orthogonal mounting of the individual 
accelerometers in the accelerometer housinglpackage. The 
additional parameters are the coning angle Q, azimuth angle 
A,, pitch angle a, and roll angle R. For an accelerometer that 
is sensitive to level relative to the x-axis, the coning angle is 
defined by the angle from the x-axis to the sensitive axis of the 
accelerometer and is usually less than one degree. The azi- 
muth angle is the angle formed by the projection of the sen- 
sitive axis onto the yz-plane. Similar definitions exist for the 
other two accelerometers that are sensitive to level relative to 
the y-axis and z-axis. 

The model relating the response of each accelerometer (v,, 
vv, v,) and the angular orientation thereof is given by 

v,=b,+S,[cos Q, sin a-sin Q, cos a sin(R+A,)] 

v,=b,-S,[cos Q, sinR cos a-sin Q,(sin A, sin a-cos 
A, cos R cos a ) ]  

v,=b,-S,[cos Qz cos R cos a-sin Q,(cos A, sin a-sin 
A, sin R cos a ) ]  

where the subscripts x, y, and z denote the particular acceler- 
ometer that is aligned with the indicated axis. Note that the 

6 
model also includes a random error term (not explicitly 
included) which is always present in experimental data. In 
order to estimate the calibration coefficients from this set of 
equations, an approximate solution can be used, although an 

5 iterative method based on the Gauss-Newton algorithm is 
generally recommended. In addition, to apply the calibration 
coefficients in practice during data reduction, a non-linear 
solution is also required. 

In contrast to this non-linear modeling approach, the 
10 present inventionuses a linear model. Instead ofmodeling the 

relationship between the response and the angle, as is the case 
with the non-linear model, the linear approach models the 
relationship between the accelerometer response and the pro- 
jection of the gravitational vector (reference field) onto the 

15 Cartesian coordinate system of the triaxial accelerometer. 
The projection of the gravitational vector is illustrated in FIG. 
4 where the vector components are denoted by g,, gv, and g, 
and are subsequently referred to as g-vectors. The g, vector is 
aligned with the earth's gravitational vector. The linear cali- 

20 bration model is given by 

vx=fiOx+fi I&+fi2$g~+fi3&+~x 

vy=fiOy+fi I$~+f i2Fy+f i3$r+~y  

25 
vz=fiOz+fi 1 8 x + f i 2 8 y + f i 3 $ ~ + ~ ~  

where, for the x-axis of sensitivity, fl,, is the bias, fl,, is the 
sensitivity, f l r  is the coefficient for the cross-axis sensitivity 
of gv, fl,, is the coefficient for the cross-axis sensitivity of g,, 

30 and E, is an independently and identically distributed random 
error for the x-axis accelerometer. The definitions for the 
y-axis and z-axis terms follow accordingly. 

Comparing this linear model to the non-linear model, the 
bias term bx is equivalent to Box, and the sensitivity Sx is 

35 equivalent to fl,,. Differing from the non-linear model, the 
misalignment terms f l r  and fl,, are in vector components 
rather than polar coordinates. The other model terms are 
similarly defined for the y-axis and z-axis accelerometers 
denoted by their respective subscripts. Note that the terms 

40 corresponding to the sensitivity constant for the y- and z-axis 
are fl, and fl,=, respectively. 

The linear model can also be expressed in a more compact 
matrix notation given by 

Y 

45 v'=fihg'fi+t' 

where 

PI, PI, PI, 50 

55  To estimate the calibration coefficients, a multiple linear 
regression is performed separately for each response, thereby 
providing a non-iterative estimation pTocedure. The esti- 
matedvector of bias terms is denoted as PIo, and the matrix of 
estimated cffefficients without the intercept (bias) term is 

6o denoted as fl. By using a linear model, a direct, non-iterative 
solution is also implemented in the data reduction to trans- 
form the measured signals into the estimated gravitational 
components. Substituting the estimated coefficients and solv- 
ing using straightforward matrix manipulation, the estimated 

65 gravitational components g are given by 

p("-fio)'fi-' 
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When the accelerometer is equipped for a temperature 
response, both the bias and sensitivity should be compensated 
for temperature related effects, which are denoted with a 
superscript t. Incorporating these temperature compensated 
terms, it can be shown that the estimated, temperature-com- 5 
pensated gravitational components are computed by 

ranges. This is especially true for the case when the pitch 
angle approaches 90" and a decision rule is implemented to 
determine whether roll or yaw is the appropriate second 
angle. 

Referring now to FIG. 5, the positioning system of the 
present invention is shown as part of a calibration system that 
is referenced generally by numeral 100. System 100 includes 
the above-describedpositioner 10 shown with a triaxial accel- 
erometer 200 coupled to mounting region 12G. A mechanical 

i o  interface plate 16 can be used to provide for the repeatability 

p ( " - p J p 3 f i - '  

where 

T ,  = 

and fit, is the vector of bias terms compensated for the 
observed temperature sensor output (TSO) fll, is the sensitiv- 
ity at the calibration reference TSO, and fltl, is the sensitivity 
compensated for the observed TSO of the x-axis accelerom- 
eter. The temperature compensated values of the bias and 
sensitivity can be computedinavariety ofways to include, for 
example, linear or second-order approximations. The com- 
nact matrix notation and non-iterative form of the estimation 

of alignment of the sensitive axes of accelerometer 20 with 
the tangential contact planes defined by contact feet 14. That 
is, the shape of interface plate 16 is such that it provides for 
repeatability of alignment of accelerometer 20 with respect to 

15 positioner 10 when plate 16iaccelerometer 20 are removed 
and then re-installed in positioner 10. The relaxation of the 
tolerances in fabricating positioner 10 is possible since exact 
set points are not required as long as they are measured and 
incorporated in the analysis. Therefore, after positioner 10 is 

20 fabricated, an initial experiment is performed to define the 
orientation of the six faces of the cube using multiple pre- 
calibrated triaxial systems and replicated calibrations. The 
use of multiple triaxial systems reduces the transferred bias 
from each device through simple averaging. 

To perform device calibration, a triaxial accelerometer 200 
is mounted inpositioner 10 with the resulting assembly being 
placed on flat surface 22A such that three of contact feet 14 
associated with one of planes 12A-12F rest on flat surface 
22A. Flat surface 24A of fence 24 is placed in contact with 

30 contact feet 14 of one of the four tangential contact nlanes 

25 

u 

and data reduction equations can be easily implemented in a 12A-12F that is orthogonal to the tangential contact plane 
software spreadsheet or in software that performs matrix resting on flat surface 22A. 
manipulations. Using the ensuing method, it will be clear that the stability 

Once the gravitational components are obtained from the of flat surface 22A is of primary interest as opposed to its 
accelerometer signals, equations to compute the accelerom- 35 levelness. To make the calibration quality robust with respect 
eter's angular orientations (FIG. 4) are given by to the levelness of flat surface 22A, two observations of each 

design point are obtained by rotating positioner 10 1 SO" in a 
plane normal to the gravitational vector. Fence 24 ensures an 
approximate 1 SO" alignment between these rotations. For the 

40 six-plane positioner 10, this results in 12 design points for 
collecting data observationsimeasurements. The 12 design 
points can be executed in a random order. Multiple repeats of 
the entire 12-point observatiodmeasurement design can be 
performed. 

Calibration system 100 further includes a data acquisition 
system 40 that collects the data observationsimeasurements 
associated with each design point. The data is passed in a 
suitable format to a processor 42. After the observations/ 
measurements are complete, the data undergoes a post-pro- 

50 cessing step at processor 42 to average the 180" opposing 
positions, thereby eliminating concerns regarding the near- 
level condition of flat surface 22A from the estimation of the 

A significant advantage of the linear model is that the three calibration coefficients. This results in six averaged "pseudo 
gravitational components are estimatedrather than angles. By observations." Subsequent analysis is performed on these six 
definition, the root-sum-square (RSS) of the three g-vectors 55 averaged pseudo observations using the linear model and 
should equal one. Therefore, the residual RSS can be com- solution approach described above. Note that if flat surface 
puted to provide an indication of calibration quality and sys- 22A were set perfectly level, then only six design points 
tem stability. In the non-linear approach, the pitch and roll would be required. However, by relaxing the table leveling 
angles are estimated and then converted to the gravitational requirement and employing the 12-point observatiodmea- 
components using a trigonometric relationship. The RSS of 60 surement approach, the calibration system is well-suited for 
these gravitational components are, by definition, equal to in-situ calibration in non-laboratory conditions. In addition, 
one due to a trigonometric identity thereby eliminating the by computing half the difference between opposing positions, 
possibility of an analysis of the residual RSS. six independent estimates of table levelness are obtained in 

Another advantage ofworking with the gravitational com- two axes. A comparison among these estimates forms a con- 
ponents in the linear model is that they are uniquely deter- 65 venient approach to detect calibration errors. 
mined in any orientation, thereby eliminating the ambiguity The advantages of the present invention are numerous. The 
and path dependence of an angular solution over wide angle positioning and calibration system provide for in-situ calibra- 

u = sin-' (ix 

R = tan-' 2 [iZ I 
As the pitch angle approaches 90°, yaw Y can be computed 45 

instead of roll R as given by 

y = tan-' 2 [Kx I 



US 7,467,536 B2 
9 10 

tions thereby allowing users to check the health and perfor- 3. A position system as in claim 1 wherein said local or 
mance of their instrumentation connected to their own data induced reference field is one of: a local gravitational vector, 
acquisition system. Further, in-situ calibrations provide Cali- a local magnetic field, a local rotational field, an induced 
bration coefficients that are automatically compensated for rotational field, a local light field, and an induced light field. 
the local gravitational field (or other local or induced field of 5 4. A positioning system as in claim 1 wherein each said 
interest to the particular instrument being calibrated) as resting plane is defined by three of said feet. 
opposed to current methods that require a mathematical cor- 5. A positioning system as in claim 1 wherein each of said 
rection to the laboratory-determined coefficients based on a feet is spherical. 
measurement of the local gravitational constant. The present 6. A positioning system as in claim 1 wherein said first and 
invention’s automatic compensation combined with the con- i o  second flat surfaces are separable from one another. 
venience of not having to return the system for re-calibration 7. A positioning system as in claim 1 wherein said first and 
are particularly important when an axis sensitive instrument second flat surfaces are joined to one another. 
such as an accelerometer system is used at a location that is a 8. A positioning system as in claim 1 further comprising 
significant geographic distance from the calibration labora- means, coupled to said first flat surface, for leveling said first 
tory. 15 flat surface. 

Although the invention has been described relative to spe- 9.Apositioning systemusedinthe calibrationofa singleor 
cific embodiments thereof, there are numerous variations and 
modifications that will be readily apparent to those skilled in first means defining six planes of tangential contact and a 
the art in light of the above teachings. For example, if the mounting region within said six planes adapted to have 
present invention is to be used to also characterize tempera- 20 an axis sensitive instrument coupled thereto such that 
ture effects on an instrument (e.g. accelerometer), the above- each axis of sensitivity of said device is approximately 
described mechanical interface plate 16 can be realized using parallel to four planes of said six planes andperpendicu- 
a thermal break or insulating material. Then, as shown in FIG. lar to two opposing ones of said six planes that are not 
6, a temperature-controlled chamber 50 can be provided over included in said four planes; and 
accelerometer 200. In this case, data acquisition system 40 25 secondmeans for defining first and second flat surfaces that 
and processor 42 are equipped to collectiprocess temperature are approximately perpendicular to one another with 
data as part of the calibration processing using the linear said first surface adapted to be oriented relative to a local 
mathematical model previously described. The positioning or induced reference field of interest, wherein said first 
and calibration systems of the present invention could also be means is positioned such that one of said six planes 
adapted to collect data from multiple accelerometers at each 30 tangentially contacts said second flat surface and 
design point. For example, FIG. 7 illustrates an H-configura- another of said six planes tangentially contact said first 
tion positioner 60 in which two accelerometers 200 are flat surface. 
mounted in a mirror image orientation, while FIG. 8 illus- 10. A positioning system as in claim 9 wherein said instru- 
trates a positioner 70 configured to support three accelerom- ment is at least one of: an inclinometer, a magnetometer, a 
eters 200 in the same orientation. Positioners 60 and 70 could 35 gyro and an optical system. 
be specially constructed or could be constructed using indi- 11. A position system as in claim 9 wherein said local or 
vidual frames 12 that are then coupled together as shown. It is induced reference field is one of: a local gravitational vector, 
therefore to be understood that, within the scope of the a local magnetic field, a local rotational field, an induced 
appendedclaims, the inventionmay be practiced other thanas rotational field, a local light field, and an induced light field. 
specifically described. 12. A positioning system as in claim 9 wherein each of said 

What is claimed as new and desired to be secured by six planes of tangential contact is defined by three protuber- 
Letters Patent of the United States is: ances. 

1.Apositioning system use din the calibration of a single or 13. A positioning system as in claim 9 wherein said first 
multi axis sensitive instrument, comprising: and second flat surfaces are separable from one another. 

a rigid cuboidal frame defining six planes and a mounting 45 14. A positioning system as in claim 9 wherein said first 
region within said six planes adapted to have an axis and second flat surfaces are joined to one another. 
sensitive instrument coupled thereto such that each axis 15. A positioning system as in claim 9 further comprising 
of sensitivity of said instrument is approximately paral- means, coupled to said first flat surface, for leveling said first 
le1 to four planes of said six planes and perpendicular to flat surface. 
two opposing ones of said six planes that are not 50 16. A system for calibrating a single or multi axis sensitive 
included in said four planes; instrument, comprising: 

a plurality of feet mounted on said frame to define a resting a rigid cuboidal frame defining six planes and a mounting 
plane associated with each of said six planes, each said region within said six planes adapted to have an incli- 
resting plane offset from said frame and parallel to one nometer coupled thereto such that each axis of sensitiv- 
of said six planes; and ity of said instrument is approximately parallel to four 

means for defining first and second flat surfaces that are planes of said six planes and perpendicular to two oppos- 
approximately perpendicular to one another with said ing ones of said six planes that are not included in said 
first surface adapted to be oriented relative to a local or four planes; 
induced reference field, wherein said frame with said a plurality of feet mounted on said frame to define a resting 
inclinometer coupled thereto is positioned such that said 60 plane associated with each of said six planes, each said 
feet associated with one of said resting planes tangen- resting plane offset from said frame and parallel to one 
tially contact said second flat surface and said feet asso- of said six planes; 
ciated with another of said resting planes tangentially means for defining first and second flat surfaces that are 
rest on said first flat surface. approximately perpendicular to one another with said 

2. A positioning system as in claim 1 wherein said instru- 65 first surface adapted to be oriented relative to a local or 
ment is at least one of: an inclinometer, a magnetometer, a induced reference field, wherein said frame with said 
gyro and an optical system. inclinometer coupled thereto is positioned such that said 

multi axis sensitive instrument, comprising: 

40 

55 
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feet associated with one of said resting planes tangen- 
tially contact said second flat surface and said feet asso- 
ciated with another of said resting planes tangentially 
rest on said first flat surface; and 

data collection and processing means adapted to be 5 
coupled to said instrument for acquiring data generated 
by said instrument and for generating calibration data 
using said data so-generated. 

17.Apositioning systemas inclaim 16 wherein saidinstru- 
mentis at least one of a inclinometer, a magnetometer, a gyro i o  
and an optical system. 

18. A position system as in claim 16 wherein said local or 
induced reference field is one of a local gravitational vector, 
a local magnetic field, a local rotational field, an induced 
rotational field, a local light field, and an induced light field. 15 

19. A system as in claim 16 wherein said data collection 
and processing means employs a linear model and multiple 
linear regression in generating said calibration data. 

20. A system as in claim 16 wherein each saidresting plane 
is defined by three of said feet. 

21. A system as in claim 16 wherein each of said feet is 
spherical. 

22. A system as in claim 16 wherein said first and second 
flat surfaces are separable from one another. 

23. A system as in claim 16 wherein said first and second 25 
flat surfaces are joined to one another. 

24. A system as in claim 16 further comprising means, 
coupled to said first flat surface, for leveling said first flat 
surface. 

instrument, comprising: 

mately parallel to four planes of said six planes and 
perpendicular to two opposing ones of said six planes 
that are not included in said four planes; 

secondmeans for defining first and second flat surfaces that 
are approximately perpendicular to one another with 
said first surface adapted to be oriented relative to a local 
or induced reference field, wherein said first means is 
positioned such that one of said six planes tangentially 
contacts said second flat surface and another of said six 
planes tangentially contact said first flat surface; and 

data collection and processing means adapted to be 
coupled to said instrument for acquiring data generated 
by said instrument and for generating calibration data 
using said data so-generated. 

26.Apositioning systemas inclaim25 whereinsaidinstru- 
ment is at least one of an inclinometer, a magnetometer, a 
gyro and an optical system. 

27. A position system as in claim 25 wherein said local or 
induced reference field is one of a local gravitational vector, 

20 a local magnetic field, a local rotational field, an induced 
rotational field, a local light field, and an induced light field. 

28. A system as in claim 25 wherein said data collection 
and processing means employs a linear model and multiple 
linear regression in generating said calibration data. 

29. A system as in claim 25 wherein each of said six planes 
of tangential contact is defined by three protuberances. 

30. A system as in claim 25 wherein said first and second 
flat surfaces are separable from one another. 

31. A system as in claim 25 wherein said first and second 

32. A system as in claim 25 further comprising means, 
coupled to said first flat surface, for leveling said first flat 
surface. 

25. A system for calibrating a single or multi axis sensitive 30 flat surfaces are joined to one another. 

first means defining six planes of tangential contact and a 
mounting region within said six planes adapted to have 
an axis sensitive instrument coupled thereto such that 
each axis of sensitivity of said instrument is approxi- * * * * *  


