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DIGITAL INCLINOMETER

Field of the Invention

The present invention relates to an
inclinometer or level and, in particular, to an
inclinometer or level with electronic sensing and

readout capabilities.

Background of the Invention

Currently there are a number of electronic
inclinometer and level devices disclosed in the
prior art. The simpler of these devices in general
attempt to apply an. electrical circuit to a known
device, such as a bubble level, and therefrom
directly provide a readout of the orientation of the
level. Complicated inclinometers tend to take the
same approach but are more bulky and cumbersome to
use. In general these prior art inclinometers are
difficult to manufacture due to alignment con-
straints and tolerances required to accurately
position the sensing device into the housing.

Errors in the manufacture of the sensing device and
in the mounting of the sensing device in the housing
can only be remedied through a practice of discard-

ing faulty sensors and/or manufacturing the entire
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irclinometer with very exacting and cestly proce-
dures. Further, should the inclinometer not be
rugged enough, ordinary field use would require that
the inclinometer either be discarded when it pro-
vides inaccurate readings or sent back to the
manufacturer for recalibration. 7

In addition, the prior art devices provide no
compensation nor indication that the device while
properly positioned in one plane, for example the
pitch plane, could for example have too much of an
angle in a perpendicular plane such as the roll
plane so as to provide an inaccurate pitch reading.
Also the effects of temperature on inclinometers are
not accounted for.

Finally, most inclinometers provide for only
one or two readout formats requiring additional use
of tables and the like for translation into other

desired readings.

-~

Summafy of the Invention

The present invention is directed to overcome
the disadvantages of the prior art.

The present inclinometer of the invention is
comprised of a sensor for providing at least a
varying capacitance depending on the orientation of
the inclinometer. The inclinometer further includes
an oscillator circuit which includes the sensor as a
capacitor element for providing a signal or a
plurality of signals, each having a -period and a
frequency depending on the capacitance of the
sensor. The inclinometer further includes a device
for determining the period of each signal. A

look-up table is provided for storing a relationship
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between the period of each signal and an angle of
orientation of the inclinometer. A comparing unit
is provided for comparing the period of the signal
to a period stored in the look-up table which has a
relationship to the angle being measured. Further, a
display device is provided for giving selectable
digital and analog readouts. The digital readouts
can include by way of example angle, rise/run, and
percent slope mode readouts.

The sensor for détermining the orientation of
the inclinometer includes a first plate having a
plurality of isolated conducting first sectors which
are clustered about an isolated conducting first
central hub. The sensor further includes a second
plate having a plurality of isolated conducting
second sectors which are clustered about an isolated
conducting second central hub. The first plate is
positioned substantially parallel to the second
plate with the sectors and the hubs aligned. 2
peripheral edge surrounds the aligned first and
second plates to form a cavity there between. A
fluid partially £fills the cavity such that a change
in orientation of the inclinometer causes the fluid
to shift relative to the sectors and the hubs.
Alternatively, the plates and sectors can be mis-
aligned or the plates can be provided in a
non-parallel or wedge shaped configuration and fall
within the scope of the invention.

In an aspect of the invention, the sensor has
three first sectors aligned with three second
sectors to form sector pairs, each of which pair is
a variable capacitor. The inclinometer provides for
determining the period of a signal from each of
these sector pairs, at least one of the highest and
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the lowest capacitance values of the sector pair
for determining the general orientation of the
inclinometer with the pair of sectors having a
middle capacitance value being used for determining
the exact angle} In the several cases where values
of‘the signal pairs cross over each other, as where
the highest and middle capacitance values and/or the
lowest and middle capacitance are equivalent, either

can be used.

In another aspect of the invention, therpair,of
hubs is provided as a passive element of an
oscillator circuit for determining the roll orien-
tation of the inclinometer and warning when there is
excessive roll so as to indicate an inaccurate
reading. The hubs also eliminate inaccuracies due
to roll in an appropriate range before the warning
of an inaccurate reading is provided by the
inclinometer. It is to be understood that absent
the hubs, the capacitance values associated with
each sector or plate due to the amount of surface
covered by the fluid can also be used to provide a
warning and correction for excessive roll and/or
yaw., ,

In another aspect of the invention the display
can be a digital display including readouts of
angle, slope, or rise to run, as well as an analog
display which indicates to which side of level or
plumb the inclinometer is positioned.

Inranother aspect of the invention, the
inclinometer'includes a field recalibration unit.
Should the sensor shift its position relative to the
rest of the electrical components or should the
entire electrical package shift its position
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relative to the housing, the racalibration unit can
be used to correct the readings accordingly.
Further, as the invention provides for the elec-
trical unit to be inserted into one of various
housings, each of which has a different length, the
inclinometer would be calibrated after insertion
into the appropriate length -of housing in order to
remove any errors due to that mounting.

In yet another aspect of the invention, the
inclinometer includes a temperature compensation
unit.

In still a further aspect of the invention, the
look-up table is provided in permanent semiconductor
memory in the inclinometer and is customized in
manufacture to the specific sensor used in the
inclinometer. Thus, any errors in the manufacture
of the sensor or the mounting of the sensor or the
manufacture of the inclinometer, generally, are
automatically compensated for in an efficient and
convenient manner without the expense of exact

alignment and discarded unusable parts.

Brief Description of the Figures

Figure 1 is a perspective view of an embodiment
of the inclinometer of the invention.

Figures 2A through 2C are front views of the
analog display of the inclinometer of the invention.

Figure 3 is a sectional view of the sensor of
the inclinometer of the invention. '

Figure 4A through 4D are front and back views
of sensor plates of an embodiment of the invention.

Figure 5 is a side view of an alternate embodi-

ment of a sensor plate of the invention.
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Figures 6A through 3C, 7A and 73, 8A and 8B, %A
and 9B and 10A through 10C shows representation of
the sensor in various orientations.

Figure 11 depicts a representative schematic of
‘a preferred embodiment of the electrical circuitry
of the inclinometer.

Figure 12 depicts another preferred embodiment
of the circuitry of the inclinometer of the
invention.

Figure 13A and 13B show ideal and actual sensor
performance.

Figure 14 is a block diagram and schematical
flowchart of the methodology and structure for
selecting the various modes of an embodiment of the
invention.

Figure 15 is a block diagram and schematical
flowchart of the methodology and structure for
determining an angle.

Figure 16 is a block diagram and schematical
flowchart depicting the methodology and structure
for determining which sector has the best reading.

Figure 17 is a block diagraﬁ and schematical
flowchart of the methodology and structure for
providing for temperature compensation.

Figure 18 is a block diagram and schematical
flow chart of an alternate methodology and structure
for determining an angle.

Figure 19 is a block diagram and schematical
flow chart of a methology and structure for a
look-up table determination.

Figure 20 is a look-up table determination
structure.

Detailed Description of the Preferred Embodiments
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With respect to the Figures, and in particular
to Figure 1, a preferred embodiment of the
inclinometer is depicted and identified by the
number 20. The inclinometer 20 includes one of a
number of different lengthed rails such as rail 22
into which is removably inserted an electronic
measurement unit 24 which has an outer housing 26.
The face of the electronic measuring unit 24 in-
cludes a mode selector 28, a recalibration selector
29, and an accuracy range selector 30. The face
further includes a combination degree, percentage
and rise/run indicator 32, three seven element
alphanumeric indicators 34, a low battery indicator
36 and direction indicator 38 which indicates which
direction the inclinometer 20 should be moved in
order to obtain a level or plumb reading. As will
be more fully discussed herein below, the mode
selector 28 allows the selection of the display
modes which can selectively provide digital displays
such as the angle, tﬁe rise/run, the percent slope,
and also an analog display. The analog display as
shown in Figures 2A through 2C includes a level
indicator as shown in Figure 2A which comprises two
dots. In 2B, the indicator includes three vertical
lines located to the right of the dot indicating the
right side is high. Figure 2C indicates that the
left side is high. The degree that either side is
high is indicated by the number of lines to the
right or left of the two dots. Thus, three lines to
the right of the two dots indicates that the level
is higher to the right side than the level would be
if only one line were displayed.

The inclinometer 20 includes a sensor unit 40
(Figure 3) which senses the inclination of the
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incliinometer 20 through a full 360 degrees. The
sensor 40 consists of two plates 42, 44 whiCh, in a
preferred embodiment, are mirror images of each
other. The sensor further includes a peripheral
edge 46 which hold the plates in a spaced parallel
relationship to each other and which defines an
internal cavity 48. The peripheral edge 46 is
conductive and grounded. Inside and partially
filling the cavity is a fluid 50. 1In a preferred
embodiment the plates 42, 44, are divided into three
conductive but electrically isolated sectors, or
triads, such as wedge shaped sectors 52, 54 and 56
(Figure 4A). These sectors describe an outer circle
and are clustered about a central isolated and
conducting hub 58. 1In a preferred embodiment, the
sensor plate and the sectors 52, 54 and 56, and hub
58 are coated with a thin layer 60 of a dielectric
mateiial such as, for example, Teflon ® and the
fluid 50 is conductive.

, Plate 44 also has three isolated and elec-
trically conducting sectors 53, 55, and 57 and an
isolated and electrically conducting hub 59 coated
with a thin layer 61 of dielectric material.

Sectors 52, 54 and 56 and hub 58 are parallel to and
aligned with sector 53, 55 and 57 and hub 59 respec-
tively to form variable capacitors between each
sector or hub and the electrically grounded fluid
50. '

It is to be understood that hubs 58, 59 can be
eliminated from sensor 40 and still have sensor 70
fall within the scope of the invention. However, -
for sensor 40 to have the advantageous insensitivity

to roll, as discussed below, the sectors would be

SUBSTITUTE SHEET

&



2

WO 88/10408 PCT/US88/02149

-9

3

similarly shaped with a semicircle

+Hh

2

(e}

ining the
inner border of each sector.

| It is also to be understcod that roll and yaw
compensation can be accomplished with sectors
without semicircular inner borders by accounting for
the capcitance between each sector and edge 46
individually.

As can be seen in Figure 4B appropriate leads
are directed from the back of the plate 42. In the
preferred embodiment, the conductive fluid 50 fills
half of the cavity so that fifty percent of the area
is covered with conductive fluid at any one time.
The conductive fluid and the peripheral edge 46 are
appropriately grounded. The plates 40, 42, are
constructed, in a preferred embodiment, of
fiberglass reinforce circuit board material with the
edge 46 being made of aluminum. The fluids in a
perferred embodiment is a combination of an alkane
and a ketone.

It is to be understood that the sensor 40 can
also be constructed by having the cavity 48 filled
with a dielectric fluid and removing the dielectric
layer from plates. The advantage of the initial
design using a conductive fluid is that the
conductive fluid, in effect, reduces the distance
between the pairs of capacitive plates to the
thickness of the teflon layer 60, 61 thus allowing a
high capacitance sensor 40 to be constructed without
the manufacturing problems of.placing the plates 42,
44 close to each other.

With the above arrangement, as the sensor unit
40 is moved through rotation, the amount of surface
area of the fluid which comes in proximity to the
various pairs of sectors varies making the sectors
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variablz capaciiosrs. Thus the sensor aniz 40 811i0WS
for an ecohomical, continuous, sensor output through
360 degrees of rotation. 7

To achieve continuous sensor output at all
angles of inclination, the sensor design requires
that the fluid intersect no more than one sensor
plate separation line, such as line 62, 64, and 66
(Figure 4A) at any given angle of orientation of the
inclinometer. Accordingly, it is highly advanta--
geous that only an odd number of sectors be included
in the design of the sensor unit 40. Alternatively,
the sectors can have nonlinear plate separations as
is shown at 68 in Figure 5. Further there is a high
degree of resolution since the electrical circuitry
described below allows. for the selection of the one
pair of adjacent sectors for measuring the '
capacitance and détermining angle which always has a
capacitance reading which is not less than 25
percent of the total capaditance of the given pair
of sectors.

The pair of hubs 58, 59 define a donut config-
uration for sensors 40, and serve two functions. 7
First, hubs 58, 59 serve to reduce the sensitivity
of the sensor unit 40 to roll and yaw. Second, the
hubs and associated ciréuitry Cause the display to
blink if there is any unaccepted error due to roll
Or yaw. As seen in Figure GA, inclination is
measured about the "Y" axis and is described in
terms of pitch. Roll and yaw, if not accounted for,
tend to add inaccuracies to the sensor as described
below. By using the hubs the sensors are made less
sensitive to roll and yaw, and in particular when
the inclinometer is horizontal or vertical. Fur-
ther, the hubs, when connected to an oscillator

SUBSTITUTE SHEET



WO 88/10408 PCT/US88/02149

-11-

circuit as describzd below, can be used to give an
indication that roll and/or yaw is outside of
acceptable ranges for accurate readings. The
capacitance difference between the first hub and the
second hub indicates the roll or yaw is unaccept-
able. In Figure 6B, the sensor 40 is oriented at a
pitch angle of zero degrees. It is clear from
Figures 6A, 6B and 6C, that when there is no pitch
or roll, that the yaw (rotation about the z axis)
will not change the state of the sensor. That is to
say that each sector will experience the identical
wetted area regardless of yaw. Thus, at zero
degrees pitch and roll, the sensor is insensitive to
yaw. However, roll does affect the sensor's state
at zero degree pitch and yaw. Figure 7B depicts a

. sensor 40 with a non-zero degree roll angle. As
will be discussed herein below, the electronic
measuring unit 24 would choose to use the pair of
sectors 52, 53 (Figure 6A) for the angle calculation
as this pair would give the most accurate value as
more surface is wetter in comparison to sections 56,
57, and saturation has not occurred as in Sectors
54, 55.

In Figure 83, 8B it is evident that the wetted
area on each of the two sectors 52, 54 is changed
due to the roll. However, due to the hub area which
does not contribute to the capacitance measured
between the sector 52 and ground, and between the
sector 53 and ground, the sum of the two areas of
the sectors 52, 53 remains constant. VThe gain of
area 70 by sector 52 is exactly cancelled by the
loss of area 72 by sector 53. Thus, using this
geometry at roll and pitch of near 0 degrees, the
sensor unit 40 is essentially insensitive to roll.
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In Figurss SA and 3B the advantage o the hubs
58, 59 is graphically demonstrated. In these
Figures, with no hub section removed, the gain in
the wetted area of sector 52, which is area 74 is
greater than the loss in the wetted area by sector
53, which is area 76. Thus, the sum of the two
wetted areas would not in general be a constant.

An analogous analysis can be done for yaw with
the sensor oriented vertically (pitch equal to 90
degrees or 270 degrees) with the similar conclusions
regarding yaw insensitivity. Thus it can be under-
stood that there is great advantage to having the
variable capacitance part of the sensor resemble a
donut defined by an inner and an outer concentric
circle. - : .

The radius of the hubs 58, 59, or the inner
concentric circle of the sectofs, determines how
much roll, and also yaw, the sensors can tolerate
around zero, ninéty, one hundred and eighty, and two
hundred and seventy degree pitches without any
error. In Figure 10A, the sensor unit 40 has zero
degrees pitch and has rolled sufficiently to cause
the liquid surface to be a distance of plus or minus
d from the center line. If the distance d is less
than or equal to rsin(theta) where r is the radius
of the hub and theta is the angle between the fluid
line at zero deérees roll, zero degrees vaw, and the
closest sector separation line, therloss in wetted
area 78 equals the gain of area 80. Thus as
demonstrated before, the total capécitance of the
pair of sectors is unchanged. In Figure 10B, the
distance 4 is greater than rsin(theta), hence the
wetted areas are unequal and error would result in

the sensed angle. Thus outside a range of values as
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defired by +he zbcve gesometry cf the sensor 40,
sensor 40 is no longer insensitive to roll or yaw.
The relationship between d and the roll angle, phi,
is a function of the thickness t of the sensor as
demonstrated in Figure 10A, 10B and 10C. Thus, to
tolerate a roll angle of phi at zero degrees pitch,
it is required that:

d = (t/2)tan(phi) < rsin(theta)
where r, theta and t are properties determined
during sensor construction. By setting theta equal
to 45 degrees, the sensor has an equivalent
insensitivity to yaw at 90 degrees pitch as it does
to roll at 0 degrees pitch. Therefore, t and r can
be varied to satisfy the above equation for any
reasonable roll or yaw angle.*® The inclinometer 20
becomes less sensitive to roll and yaw with a
decreased t (thickness) value and an increased ri
(radius) value. However, as r, becomes larger, the
maximum capacitive value becomes smaller and the
resolution of the inclinometer is reduced.

Each of the variable capacitors formed between
the sectors and hubs and the electrically grounded
peripheral edge 46, form passive capacitive elements
in an oscillator circuit such as the oscillator
circuitry 82 in Figure 11. Circuitry 82 in one of
the preferred embodiments includes first oscillator
84 which is connected to the variable capacitance
defined by sector 52 with the other oscillators so
communicating with the other sectors and with the
final two oscillators, connected to the hub. The
output of each of these oscillators are periodic
waves such as square waves which are communicated by
OR gate 88 to a microprocessor 90. The frequency
and period of the oscillator circuit is thus related

SUBSTITUTE SHEET




WO 88/10408 ' : PCT/US88/02149

to the area that a given sector has in contact with
a fluid and thus the angle of inclination or pitch
of the inclinometer. The period is determined by
timing a fixed number of pulses from the given
oscillator. 1In the microprocessor 90 there is a
unit 92 for determining the period of the signals
coming from the oscillator circuitry 82 and a unit
94 for comparing the determined period with a
look-up table contained in PROM 96. During
manufacture, each of the sensor units 40 is
calibrated and the calibration ;s stored in the PROM
96 which is part of the electrical measuring unit
24. Thus, any irreguiarities in the sensor can be
accounted for so that the sensor irregularities do
not cause errors in the readings which are taken

with the inclinometer 20; The PROM 96 stores a
look-up table which relates the period of a signal
to the pitch angle in degrees. Of course it is
understood that other mathematical relationships can
be stored so that the appropriate display is created
such as the slope, rise to run or analog displays.
The microprocessor then drives a display driver 98
which in turns drives the display 25.

As indibated above, having the individual
period versus angle relationship stored in the PROM
96 for each sensor allows the sensors to vary due to
manufacturing tolerances and still have the readings
accurate as the irregularities of each sensor are
compensated for by the stored look-up table.

- Another distinct advéntage of the inclinometer is
that due to the look-up table it can easily accommo-
date sensors with nonlinear responses as long as the
responses are continuous and repeatable.
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As depicted in Pigures 132 and 133, the perfor-
mance of the actual sensors vary from that of any
ideal sensor. This difference is due to the varia-
tion in, for example, dielectric thickness, align-
ment of the sensor plates, chemical impurities in
the fluid conductor, irregularities in the plates,
volumetric variations of fluid and surface imper-
fections in the coatings.

In Figures 13A and 13B lines 100, 102 and 104
correspond respectively to sector pair 52, 53,
sector pair 56, 57 and sector pair 54, 55. That is
to say, for example, that the capacitance value
between sector 52 and ground and sector 53 and
ground are summed to produce line 100. Thus,
correlating Figures 6A through 6C, with Figure 13A
and 13B, it can be seen that at point 106, line 100
is fully saturated giving the highest capacitance
reading, line 104 represents the lowest capacitance
reading as the sector pair 54, 55 has the least
fluid positioned therebetween, and line 102 gives
the middle capacitance reading which is the reading
used for determining the actual angle as will be
discussed hereinbelow. Corresponding curves in
Figure 13B are numbered with corresponding prime
numbers.

As another example of how an angle is de-
termined it is to be assumed that the inclinometer
is pitched to an angle of 30 degrees. It is also to
be assumed that the readings has been normalized and
temperature compensated so as to behave like the
ideal graphs of Figure 13A. Thus, selecting point
109, it is determined from Figure 13A that sector
pair 52, 53, line 100, has a normalized capacitance

of 1.0, sector pair 56, 57 line 102, has a
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normalized zapacitance € 0.1.25, andé sector ;a r- 34
55, line 104 has a capacitance of 0.375. For
simplicity sector pair 52, 53, sector pair 56, 57,
and sector pair 54, 55 shall be referred to as pair
l, 2, and 3 respectively. Thus the ordering of the
pair from the highest to the lowest capacitance
value would be 1, 3, 2. This order uniquely iden-
tifies the sextant in which the 1ncllnometer re-
sides. The sextant is one of six 60 degree ranges
of pitch. The six non-overlapping sextants can be
arranged in the combinations of: 123, 132, 213, 231,
312, and 321. 1In the 360 degrees of possible pitch
angle the sextant of our example is the range from
15 degrees to 75 degrees. It has been found empiri-
cally that the most linear readings occur when a-
sector pairs reading is between that of the other -
two pairs. A sector pair is associated with two
given sextants, and that sector pair is used to
determine the angle. Using this criterion, sector
pair 54, 55, line 104, is the optimal pair for
readings in this example. The microprocessor would
use the sextant value (in this case pair 1, highest
value, or pair 2, lowest value) to determine which
one of six curves in the look-up tables to use. It
would then use the pair 3 reading (capacitance =
0.375) to find the angle in the look-up table,
interpolating between points in the look-up table,
if necessary. It is to be understood that as line
102 is relatively close to line 104 at this angle
value, line 104 could also be used to determine the
angle with therapproprlate algorlthm. Further as
previously indicated when the lines 100, 102 and 104
cross the value of either line at the crossing point
can be used to determine the angle.
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Figure 12 depicts another preferred empodiment
of the circuitry of the inclinometer 20 with
component similar to the circuitry of Figure 11
having corresponding primed numbers. In Figure 12
the oscillator circuitry 110 includes an analog
multiplexing switch 112 which allows the various
signals from the capacitor elements to be
selectively switched into an oscillator circuit 114
and therefrom directed to the microprocessor 90' in
much the same manner as found in the circuitry of
Figure 1l. One great advantage of the circuitry of
Figures 11 and 12 is that there is a interface
between the microprocessor 90 and the sensor unit
40, which does not include an analog to digital
converter,

The block diagrams of Figures 14 through 17
further describe the invention. 1In block diagram
Figure 14, block 116 determines the mode by the
appropriate selection from mode switch 28. The
selections are offered by blocks 120 through 126 and
include an angle mode, rise/run mode, percent slope
mode and analog display mode respectively. Prior to
selecting any of the modes, the user can determine
the accuracy range by using button 30. Button 30 is
associated with blocks 128 and 130. 1In the
preferred embodiment there are a number of accuracy
ranges which are determined by the number of places
past the decimal point at which the measurements of
the period are adjusted by rounding off, truncating
and the 1like.

The calibration mode is exemplified by blocks
132 to 140. It is to be understood that this
recalibration can be accomplished in the field at

any time. Reasons for recalibrating the
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inclincmetsr would be that the 2lectrical iteasure-
ment unit 24 has been inserted into a different rail
with different alignment tolerances and thus the
sensor would be slightly offset from an ideal
position. This offset can be actively accommodated
by the recalibration mode. In the recalibration
mbde, block 132 indicates that the inclinometer is
first positioned on a surface and the recalibration
button is pressed. This stores the value of this
first angle as determined by the determine angle
routine of block 134. The determine angle routine
is more fully described below with respect to Figure
15. Then the inclinometer is rotated 180 degrees
and placed back on the same surface. 2 second angle
measurement is taken and determined as indicated for
blocks 136 and 138 and the value stored by touching
the recalibration button. The two stored angles are
averaged together. 1In an ideal situation, the
average would be zero. Any value greater than or
less than zero is used as the offset correction
factor in all the other readings from the
inclinometer until the inclinometer is again recali-
brated. - |

The angle mode is determined with blocks 142
and 144. Block 142 is the determine angle routine
as exemplified by the block diagram of Figure 15 and
block 144 is the display angle block. The rise/run
mode 122 is determined by first using the determine
angle routine of block 146 and the display routine
~of block 148. The display function is calculated at
twelve times the tangent of the angle determined by
block 146. This gives the rise to run value of
inches per foot.
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The npercent sleope determinaticn is made at
block 124 through blocks 150 and 152. In block 150
the determine angle routine is accomplished and in
block 152 the displayed value is the value of the
tangent of the angle times 100 to give a percent
slope display.

Finally, the analog display as described
hereinabove can be selected at block 126. The
analog display has predetermined set points whereby
above a certain inclination, one line to the right
or left of the center line (two dots) is indicated.
Above a yet higher value, two lines to the right or
left of the center point is indicated. Still above
a third higher value, three lines to the right or
left of the center line of the display is indicated.

A key pad 33 is included to allow the user to
modify and redefine the output provided by blocks
120, 122 and 124, Additionally other outputs can be
programmed with key pad 33.

Viewing Figure 15, the determine angle routine
is presented through blocks 154 to 174. At block
154 each of the sector pairs, and hub pair is read’
as previously discussed. The readings are nor-
malized for temperature at block 156 as will be
discussed hereinbelow and then the best sector for
measuring the angle is determined at block 158. Aas
previously discussed with respect to points 106,
106' and 109 and as discussed with respect to Figure
16 the values from the sector pairs are placed in
ascending order, the highest and the lowest
capacitance values are excluded and the remaining
sector pair is used to determine the angle because
it gives the most accurate reading. Again at a cross

over point where two of these capacitance values are
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the same, eithsr of thes “wc same values can be
selected to determine the angle. At block 160 the
angle is determined from the look-up table in the
PROM. The value, if not exact, is interpolated
between two close values in the look-up table and
the value is rounded according to the accuracy
setting in block 164. Then a determination is made
as to how to energize the display at block 166 to
provide the appropriate readings. At block 168, if
the angle reading indicates the inclinometer is
upside down, the logic of the inclinometer automat-
ically inverts the display at block 170. At block
172, if the roll and/or yaw is outside of acceptable
limits, the display blinks indicating to the user
that the inclinometer should be repositioned.

In Figure 16, block 176 through 182 determine
which sector has the best reading. This is accom-
plished by determining the sector pair that has the
highest capacitance (most often saturation) at block
176 and the sector pair that has the lowest
capacitance at block 178. The pairs are ordered and
the general orientation of the inclinometer, as
previously discussed, is determined at block 180.

At block 182 the sector pair which have other than
the highest and lowest capacitance configuration is
determined. From the value of this pair the angle

is determined from the selected look-up table curve
as represented in block 160. This determination
allows the inclinometer to select one of the several
performance curves (Figure 13B) stored in the

look-up table.

In Figure 17, the block diagram describe the
structure used to normalize the temperature. This
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normalization is accomplished by blocks 186 *hrough
192.

The normalization of the temperature is accom-
plished beginning at block 186 where reference
values have been stored, as previously determined at
a specific temperature during manufacture. For
temperature normalization, Q = field measured value
for each sector pair and C = the stored calibration
table value of each sector as determined during
manufacture. Each of these values Q and C is the
sum of the capacitance values between adjacent
sectors and the ground provided by the edge 46. The
reference values stored in the look=-up table are Ci,
min, and Ci, max.

For each pair has a normalization value that
is determined according to the formula:

Norm = (Qi.7 Ci, min)/Ci,max - Ci,min).

The normalization factor for the total of N sectors
is:

NormT = (Norm1 + Norm2 + Norm3 + ceeet NormN).
The Qi values are determined in block 188. The
temperature correction factor as the determined
block 190 is:

Ry = (N/2)/Norm,,.

In block 192 this temperature correction wvalue is
multiplied by the reading from the selected sector
pair to compute the value to be used in the look-up
table to determine the angle of inclination. In the
present example with three sector pairs, N=3.

An alternate angle determination routine
includes a least squares fit between the three
measured angles and their values determined during

calibration. This would require minimizing the sum
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3 3guares of the difference between each of the
measured angles and the calibrated values as a
function of angle. ,

Angle theta = the angle to be determined

[ (Ql - Cl (theta) )2 +(Q2 - Cz(theta))2 +
(Q3 - C3(theta))2 1

where Q = measured values

C(theta) = calibrated values as a function
of angle (either as an expression or in tabular
form) . , '

Analytically this minimization can be accom-
plished by differentiating'the function with respect
té theta and setting the result equal to zero. The
theta that solves this equation is the desired
theta. o : )

If the data is in the tabular form a search is
performed starting with the assumption that:

C, (theta) = Q; which would give a theta

~which would then give C2 (theta) and C., (theta)

3
allowing the calculation:

L (0 - € (theta))? + (9, - C,(theta))?® + (q,
- C3(theta))2 ] _ '

This expression is then iteratively evaluated
at theta + delta where delta is a predefined small
angle. Depending on the effect of delta, delta is
modified to result in the minimization of | (er—
Cl(theta))2 +(Q2 - Cz(theta))2 + (Q3'— C3(theta))2 ]
to within an acceptable range of zero. This is
accomplished by block 200 to 208 of Figure 18,

An alternative sensor can use variable resis-
tors 210, 212, 214 (Figure 11) in addition to a
variable capacitor'(recapacitor). Additionally a
variable resistor can be used instead of a variable

capacitor.

SUBSTITUTE SHEET

ir



WO 88/10408 PCT/US88/02149

-23-

A sensor with a variable resistor and a vari-
able capacitor is similar to the embodiments
described with respect to Figure 11 and 12, but
would not require the dielectic coating on the
plates. The fairly low conductance of the fluid 7
allows the fluid to be conceptualized as a capacitor
with resistors in parallel and series with it. The
oscillator circuit still functions, but in a less
linear way, because now, not only is the capacitance
of the sensor a function of the wetted area of a
given sensor plate, but also the fluid resistance is
a function of the wetted area.

A method and structure for determining the
look-up table is presented in Figures 19 and 20. 1In
Figure 19 the look-up table routine is presented in
blocks 210 through 218. 1In block 212, the
inclinometer 20 is placed on a rotating table such
as rotating table 220 in Figure 20. The table is
then stepped through 360° as presented in block 214.
The position of the rotating table and the
electrical signal indicating the angle of the
inclinometer are recorded at blocks 216 in Figure 19
and communicated by lines 222, 224 and 226 to
storage unit 230 in Figure 20. This information can
then be provided to a memory device such as the PROM

96 in Figure 11.

Industrial applicability

The inclinometer 20 of the invention is used in
the following manner. First an appropriately sized
rail, whether 2, 4, 6 or 12 feet long, or of another
length, is selected. Then the electrical measuring
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init 26 i3 inmser=ed into the rail. The unit is
calibrated using the recalibration routine of block
118. Then the range accuracy is selected at selec-
tor 30 and the mode selector 28 is used to determine
which mode is to be read out. The inclinometer is
set in a desired location and an appropriate reading'
is determined.

From the above, it can be seen that the present
inclinometer 20 has significant advantages with
respect to ease of construction, ease of use,
accuracy and reliability., In addition to the
advantages, aspects and objects of the invention as
described. hereinabove and, in particular, in the
summary of the invention, other objects, aspects,
and advantages of the.invention can be obtained
through. review of the claims and the figures append-
ed hereto. It is to be understood that although
selected embodiments are presented herein, a multi-
tude of other embodiments are possible and within
the scope of the invention as claimed. As for
example, non-capacitative type sensors or sensors
using capacitive as well as other devices can be

used and fall within the scope of the invention.
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We Claim:

1. An inclinometer comprising:

a sensor means for providing varying
capacitance depending on the orientation of the
inclinometer;

an oscillator circuit means including
said sensor means as a capacitive element for
providing a signal ha&ing period and a frequency
dependant on the capacitance of the sensor means;

means for determining the period of
the signal;

look-up table means for storing a
relationship between the period of a signal and the
orientation of the inclinometer; '

means for comparing the period of the
signal to théiperiods stored in the look-up table
means and for selecting a corresponding orientation;

means for displaying the results of

the comparing means.

2. The apparatus of Claim 1 wherein the
sensor means includes:

a first plate having a plurality of
isolated, conducting first sectors which first
sectors are clustered about an isolated, conducting
central first hub;

a second plate having a plurality of
isolated, conducting second sectors which second
sectors are clustered about an isolated, conducting
central second hub;

said first plate positioned adjacent

to said second plate;
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Terizheral =dge means For defining a
cavity between said first and second plates; and

a fluid partially filling said cavity
such that at all orientations of the sensors there

is fluid positioned between said first and second
hubs.

3. The apparatus of Claim 2 wherein the
oscillator circuit means includes means for provid-
ing a signal dependant on the capacitance of select-
ed and adjacent pairs of said first and second
sectors.

4, The apparatus of Claim 3 wherein said
oscillator circuit means include separate oscillator

circuits for each of said first and second sectors.

5. The apparatus of Claim 3 wherein said
oscillator circuit means includes an analog switch
which can select between each of said first and
second sectors for providing a signal from any
selected sector.

76.' The apparatus of Claim 3 wherein said
sensor includes three first sectors positioned
adjacent three second sectors, wherein said means
for determining the period of a signal includes
means for ordering at least one of said three first
or three second sectors from the highest capacitance
configuration to the lowest capacitance
configuration.

7. The apparatus of Claim § including:
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sazd ordering means for selecting and
using the sector with the highest or the lowest
capacitance configuration for determining a range of
orientation for the inclinometer and the sector with
the middle capacitance configuration to determine
the orientation of the inclinometer within said

range,

8. The apparatus of Claim 3 including:
said oscillator circuit means for
providing a signal dependant on the capacitance
difference between said first hub and said second
hub to determine the roll or yaw orientation of the
inclinometer, where the pitch orientation is the
orientation to be determined by the look-up table. - .

9. The apparatus of Claim 8 including:
indicator means for indicating when
the roll or yaw orientation of the inclinometer is

greater than a preset limit.

10. The apparatus of Claim 2 wherein said
first plate has an odd number of first sectors and
said second plate has an odd number of second

sectors.

11. The apparatus of Claim 6 wherein said
means for displaying the results can invert the
display of an orientation value of the inclinometer
dependant on which pair of sectors has the highest

or lowest capacitance.

12. The apparatus of Claim 1 wherein said

means for displaying the results include means for
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providing one and more indicatorsz +o <hz left and
right of a center line depending on the degree to

which the inclinometer is inclined to the right or
left. '

13. The apparatus of Claim 1 including

means for recalibrating, comprising:

means for storing a first representa¥
tion of an orientation with the inclinometer in a
first position; ,

means for storing a second represen-
tation of an orientation with the inclinometer in a
second position which is rotated 180° from the first -
position;

means for averaging the first and
second répresenfation to determine an offset correc-
tion factor; and B

means for combining the offset
correction factor with further signals representa-

tive of the orientation of the inclinometer.

14. The apparatus of Claim 1 including:
' means for compensating for a change
in temperature.

'15. The apparatus of Claim 14 wherein

said temperature compensation means includes:
means for storing a reference-value

for the sensor méans;

' means for determining a correction
factor and applying said correction factor +o a
valﬁe determined by the means for determining the
period for the signal.
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16. The apparatus oi Claim 2 iacluding a
means for compensating for a change in temperature
comprising:

means for storing reference values
which are minimum and maximum outputs of the period
determination means for each pair of sectors of the
first and second plates at a preselected tempera-

ture;

means for combining the reference
values with the current values for each pair to
obtain a normalization value where:

Qi = the current stored calibration
value for each pair

Ci, min = the minimum stored calibration
value for each pair

Ci, max = the maximum stored calibration

value for each pair

Then:
Normalization Factor = Normi = Qi -~ Ci, min
Ci, max - Ci, min
And:
N
Total Normalization Factor NT = I Normi
i=1

Where N = Total number of pairs

And:

Correction fac;or = Kp = gﬁg
T
And, the compensated value to be compared with the
look-up table is KT Qi.
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~7. The apparatus of Claim 1 izcluading
means for recalibrating comprising:

means for storing a first representa-
tion of orientation with the inclinometer in a first
position; ,

means for storing a second represen-
tation of orientation with the inclinometer in a
second position which is rotated 180° from the first
position;

means for setting the average of the
first répresentation and the second representation

to a zero reference signal value.

B 18. A sensor for determining orientation
including: '

. . a first plate having a plurality of
isolated conducting first sectors, which first
sectors are clustered about an isolated, conducting
central first hub; '

a first dielectric layer covering
said first plate; '

a second plate having a plurality of -
isolated, conducting second secﬁors, which second
sectors are clustered about an isolated, conducting
central second hub;

, a second dielectric layer covering
said second plate;
said first plate positioned substan-
tially parallel to said second plate with the first
dielectric layer facing said second dielectric
layer; ,

peripheral edge means for defining a

cavity between said first and second plates;
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2 conducting £luid partially £illing
said cavity such that at all orientations of the
sensor there is fluid positioned between said first

and second hubs.

19. The sensor of Claim 18 wherein said
first plate includes an odd number of substantially
identically wedge shaped first sectors, the outer
edge of which defines a first circle, clustered
about the first hub which is substantially circular;

said second plate includes an. odd
number of substantially identically wedge shaped
second sectors, the outer edges of which define a
second circle, clustered about the second hub which

is substantially circular;
which first sectors are aligned with

respect to said second sectors; and
which first hub is aligned with

respect to said second hub.

20. The sensor of Claim 18 wherein said

conductive fluid is electrically grounded.

21. The sensor of Claim 18 wherein said
fluid £ills said cavity such that substantially half
of each of said first and second plates are covered

by the fluid.

22, The sensor of Claim 18 including an
odd number of first sectors and an odd number of

second sectors.

23. The sensor of Claim 18 wherein each

of said first sectors have borders which are
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nonlinear and each of said second sectors hava

borders which are nonlinear.

24. A sensor for determining orientation
including:

a first plate having a plurality of
isolated conducting first sectors which first
sectors are clustered about an isolated, conducting
central first hub;

a second plate having a plurality of
isolated, conducting second sectors which second
sectors are clustered about an isolated, conducting
central second hub;

said first plate positioned substan-
tially parallel to said second plate;

peripheral edge means for defining a

cavity between said first and second plates; and
' a fluid partially filling said cavity
such that at all orientations of the sensor there is

fluid positioned between said first and second hubs.

25. The sensor of Claim 24 wherein said
fluid is a dielectric.

26. The sensor of Claim 24 wherein said
first and second hubs are circular and aligned with
each other.

27. The sensor of Claim 24 wherein said
first plate includes three substantially identically
wedge shaped first sectors, the outer edge of which
defines a first circle, clustered about a substan-
tially circular first hub;
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said second plate includes three
substantially identically wedge shaped second
sectors, the outer edges of which define a second
circle, clustered about a substantially circular
second hub;

which first sector are aligned with
respect to said second sectors; and

which first hub is aligned with

respect to said second hub.

28. The sensor of Claim 24 wherein said

fluid is electrically grounded.

29, The sensor of Claim 24 wherein said
fluid fills said cavi;y such that substantially half
of each of said first and second plates are covered
by the fluid. '

30. The sensor of Claim 24 including an
odd number of first sectors and an odd number of

second sectors.

31. The sensor of Claim 24 wherein each
of said first sectors have borders which are nonlin-
ear and each of said second sectors have borders

which are nonlinear.

32. The apparatus of Claim 1 wherein the
sensor means includes:
a first plate having a plurality of
isolated, conducting first sectors, which first
sectors have an inner curved border defining a first

center, generally circular, area;
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a second plats having a piuraiity of
isolated, conducting second sectors, which second
sectors have an inner curved border defining a
second central, generally circular area;

said first plate positioned substan-
tially parallel to said second plate;

peripheral edge means for defining a
cavity between said first and second plates; and

a fluid partially filling said cavity
such that at all orientations of the sensors there
is fluid positioned between said first and second
central areas. ' '

33. A sensor for determining orientation
including:
' a first plate having a plurality of
isolated conducting first sectors, which first
sectors have an inner curved border defining a first
central, generally circular, areas;

' a first dielectric layer covering

said first plate; '

a second plate having a plurality of
isolated, conducting second sectors, which second
sectors have an inner curved border defining a
second central, generally circular, area;

a second dielectric layer covering
said second plate;

said first plate positioned substan-
tially parallel to said second plate with the first
dielectric layer facing said second dielectric
layer; _

peripheral edge means for defining a
cavity between said first and second plates;
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a conductive £luid partially filling
said cavity such that at all orientations of the
sensor there is fluid positioned between said first

and second central areas.

34, A sensor for determining orientation
including:

a first plate having a plurality of
isolated conducting first sectors, which first
sectors have an inner curved border defining a first
central, generally circular, area;

a second plate having a plurality of
isolated, conducting second sectors which second’
sectors have an inner curved border defining a
second central, generally circular, area;

said first plate positioned substan-
tially parallel to said second plate;

peripheral edge means for defining a
cavity between said first and second plates; and

a fluid partially filling said cavity
such that at all orientations of the sensor there is
fluid positioned between said first and second

central areas.

35. The apparatus of Claim 6 which two of
said pairs of sectors can have the same capacitance
configuration, which same capacitance configuration
can be the highest capacitance configuration or the

lowest capacitance configuration.

36. The apparatus of Claim 7 wherein the

middle capacitance configuration can be equal to the
highest capacitance configuration or to the lowest

capacitance configuration.
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. The apparatus Of Claim 8§ inciuding:
indicator means for indicating when
the roll or yaw orientation of the inclinometer is
greater than a preset limitation, said limitation is
defined as follows: '
with:
r

the radius of the first
and the second hubs
t = the thickness of the

Sensor means

phi = the roll angle
phi is such that:
r > itan(phi)

38. The apparatus of Claim 1 which said
means for displaying the results can invert the
display of an orientation value dependent on the
apparatus orientation.

39. The apparatus of Claim 2 wherein the
first plate is parallel to the second plate.

40. A method for determining and indicat-
ing inclinations with an inclinometer comprising:

generating an electrical signal
having a signal property which varies with respect

to the inclination of the inclinometer:

identifying and storing said signal
property;
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cenverting sazid signal precperty lato

an inclination value;
displaying said inclination value.

41. The method of claim 40 including a
recalibration step of:

storing a first representation of a
signal property of a first position of an

inclinometer;

storing a second representation of a
signal property of a second position of an
inclinometer with the inclinometer rotated 180° from
the first posiéion;

setting the average of the first
representation and the second representation to a

reference signal value.

42. The method of Claim 40 including the
initial calibration steps of placing the

inclinometer upon a rotating table;

stepping the table though
substantially 360°;
simultaneously storing a plurality of

electrical signals and the position of the table.

43. The method of Claim 42 including the

step of simultaneously recording the temperature.

44. The method of Claim 40 including:
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, lecilively iavesriiag =he displayac
angle reading dependent on the position of the
inclinometer.

45. The method of Claim 40 including:
selectively displaying the angle
reading as one of (a) degree of inclination,
(b) percent slope and (c) rise to run.

46. The method of Claim 40 including:

providing an analog display of
inclination.

47. The method of Claim 40 including:

~providing a user definable display
mode.

48. The method of Claim 40 including:

providing for temperature
compensation. -

49. -The method of Claim 48 including:
storing reference temperature values;
determining a correction factor based

on the reference temperature values, and actual
values;
applying said correction factor to

the actual values.

50. The method of Claim 40 including:
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zdjusting the accuracy of the dis-

play.

51. The method of Claim 40 wherein said
converting step incudes applying a least squares
formula between measured angle values and angle '

values determined during calibration.

52. The method of Claim 51 wherein said
converting step includes:
with Ci(theta) = calibrated angle
value;
Qi = measured angle values;
and the least squares formula =
, [ (@, - C,(theta))? + (Q, -
C2(theta))2
(Q3 - C3(theta))2 Foeoeot (QN -
CN(theta))2 ]
then differentiating the least squares
formula;
setting the result equal to zero;

determining theta.

53. The method of Claim 40 wherein said

generating step includes:
providing an electrical signal that

varies with capacitance.

54. The method of Claim 40 wherein said

generating step includes:
providing an electrical signal that

varies with resistance.
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generating step includes:

w
(¥

methed of Claim 49 wherein said

providing an electrical signal that
varies with capacitance and resistance.

56. The method of Claim 40 including the
steps of providing temperature ¢ompensation by:
measuring and storing a signal
property at a calibration temperature,
' measuring and storing a signal
property at an actual temperature;
normalizing the signal property at
the actual temperature based on the signal property
at the calibration temperature.
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