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(57) ABSTRACT

In one embodiment, a sensor assembly for measuring an
angular position of a rotatable structure includes an annular
ring that is eccentrically rotatable about an axis, a first and
second sensors, and an sensortransducing circuit forcombin-
ing the respective output levels fromthe two sensors.The first
and second sensors are rotatable relative to the annular ring
anddisposed apredetermined distance fromthe axis suchthat
the first and second sensors have a first and second output
level respectively that is proportional to the angular position
ofthe annular ring. The sensor transducing circuit is operable
to proportionally combine the first and second output levels
into an output signal based upon a weighting factor, the
weighting factor being proportional to angular position ofat
least one of the first and second sensors.

19Claims, 6 Drawing Sheets

100 ROTATE ANNULAR RING RELATIVE TO
THE FIRST AND SECOND SENSORS

↓
MEASURE THE OUTPUT LEVEL OF
THE FIRST AND SECOND SENSORS

↓
COMBINE THE OUTPUT LEVELS OF
THE FIRST AND SECOND SENSORS

USING A WEIGHTING FACTOR

↓
REPORT COMBINED ANGULAR

106/ MEASUREMENT 0N OUTPUT SIGNAL

102\

104/



US. Patent Jun. 23,2009 Sheet 1 of6 US 7,550,965 B2

FIG. IA

14, FIG. 13



US. Patent Jun. 23,2009 Sheet 2 0f6 US 7,550,965 B2



US 7,550,965 B2Sheet3of6Jun.23,2009US. Patent

�−−−−−−−−
I

t

����

�−−−−−∙

FIG. ID

FIG. IE



US. Patent Jun. 23,2009 Sheet 4 of6

FIG. 2A

US 7,550,965 132

30

42
/

44−�

FIG. 2B



US. Patent Jun. 23,2009 Sheet 5 of6 US 7,550,965 B2

FIG. 2C
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ANGULAR POSITION MEASUREMENT
DEVICE

TECHNICAL FIELD OF THE INVENTION

This invention generally relates to measurement devices,
and more particularly, to an angular position measurement
device and method of operating the same.

BACKGROUND OF THE INVENTION

Many types ofrotatable structures, such asmotors, gimbal
joints, hinges, and the like have a rotating shaft. In some
instances, it has been desirable to measure the angular posi-
tion of the shaft at various times during its operation. A
gimbal is one type of rotatable structure that provides for
rotation of an object in three dimensions. Objects such as
cameras or other visual aid devices have been implemented
on gimbals to enable rotation of the camera’s eyepiece to
virtually any geometrical orientation.One such type ofvisual
aid device is an electro optical/infrared (EO/IR) sensor. The
electro optical/infrared sensor is a type of camera that is
capable oftaking pictures using both the visible and infrared
portions of the electromagnetic spectrum. When mounted
onto a gimbal, the electro optical/infrared sensor is capableof
deriving images from virtually any orientation.

SUMMARY OF THE INVENTION

In one embodiment, a sensor assembly for measuring an
angular position of a rotatable structure includes an annular
ring that is eccentrically rotatable about an axis, a first and
second sensors, and a sensor transducing circuit to combine
the measurements from the two sensors. The first and second
sensors are rotatable relative to the annular ring and disposed
a predetermined distance from the axis such that the first and
second sensors have a first and second output level respec-
tively that is proportional to the angular position ofthe annu-
lar ring. The sensor transducing circuit is operable to propor-
tionally combine the first and second output levels into an
output Signal based upon a weighting factor, the weighting
factor being proportional to the angular position of at least
one of the first and second sensors.
In another embodiment, a method formeasuring the angu-

lar position ofa rotatable structure includes rotating an annu-
lar ring that is eccentrically coupled to an axis, measuring a
first output level and a second output level from a first and
second sensors respectively, and combining the first and sec-
ond output levels using a weighting factor. The first and
second sensors are disposed at a predetermined angular dis-
tance from one another such that the resulting waveform
produced by each sensor is out ofphase with one another as
the shaft rotates about the axis. The first and second sensors
are combined using a weighting factor in which the output
level of the second sensor is more heavily weighted as the
output level of the first sensor approaches a relative peak
value.

Depending on the specific features implemented, particu-
lar embodiments of the present invention may exhibit some,
none, or all of the following technical advantages. Various
embodiments may be capable ofproviding two ormore sen-
sors that donotmake contactwith any portion ofthe shaft.By
placement ofthese sensors in a generally perpendicular rela-
tion to each other around the axis of the shaft, a weighting
factormay be applied to combinethe outputs ofeach suchthat
relatively accurate measurements may be taken over a con-
tinuous angular displacement of the shaft. Certain embodi-

20

25

30

35

40

45

50

55

60

65

2
ments may provide other advantages such as implementation
ofa angularpositionmeasurement device that does not create
any discontinuities in the output signal. For instance, the
sensing surface that may be the inner or outer surface of an
annularring is generally smooth in contour. Inthismanner, no
discontinuous spikes, or glitches are outputtedby the sensors
as the shaft rotates about its axis.Additionally, theweighting
factor may be essentially continuous throughout the rota-
tional range of the annular ring. In this manner, no step
function may be applied as the shaft rotates into or out of a
particular range oftravel. Other technical advantages will be
readily apparent to one skilled in the art from the following
figures, description and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete understanding of embodiments of the
inventionwill be apparent fromthe detailed descriptiontaken
in conjunction with the accompanying drawings in which:

FIG. 1Ais apartial perspective view ofa rotatable structure
and an angular positionmeasurement device according to the
teachings ofthe invention disposedon the rotatable structure;

FIG. 1Bis a schematic diagramofthe embodiment ofFIG.
1A showing additional details ofa sensor transducing circuit
that is electrically coupled to the sensors;

FIG. 1Cis apartial perspective view ofthe angularposition
measurement device of FIG. 1A that is configured on one
embodiment ofa rotatable structure that is an electro optical/
infrared sensor;

FIG. 1D is an enlarged partial perspective view of one
sensor that is configuredonthe electro optical/infrared sensor
ofFIG. 1C;

FIG. IE is an enlarged partial perspective view of another
sensor that is configuredonthe electro optical/infrared sensor
ofFIG. 1C;

FIG. 2A is a partial perspective view of another rotatable
structure and an angular position measurement device
according to the teachings of the invention disposed on the
rotatable structure;

FIG. 2B is a schematic diagramofthe embodiment ofFIG.
2A showing additional details ofa sensor transducing circuit
that is electrically coupled to the sensors;

FIG. 2Cis apartial perspective view is a partial perspective
view ofthe angular position measurement device ofFIG. 2A
that is configured on one embodiment ofa rotatable structure
that is an electro optical/infrared sensor;

FIG. 3 is a graphical representation ofthe waveforms that
may be produced by the sensors ofthe embodiment ofFIG. 1;
and

FIG. 4 is a flowchart showing a sequence of acts that may
be used to implement amethod for operating the embodiment
ofFIG. 1.

DETAILED DESCRIPTION OF EXAMPLE
EMBODIMENTS OF THE INVENTION

Reference will now be made to the drawings in which
various embodiments of an angular position measurement
device 10 are shown and described. Specifically as shown in
FIG. 1A, one embodiment of an angular position measure-
ment device 10 is shown having an annular ring 12 and two
pairs of sensors 14a and 14b. The sensors 14may be affixed
to any suitablerotatable structure 16that is adapted to support
a shaft (not explicitly shown). The shaft in turn, is coupled to
the annular ring 12 such that rotation of the shaft relative to
the rotatable structure 16 causes a corresponding rotation of
the annular ring 12relative to the sensors 14.The annular ring
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12has an outer surface 26 that is generally smooth in contour
in one embodiment, for reasons to be described below.

FIG. 1B shows a schematic diagram view of the angular
position measurement device 10.AS shown, the annular ring
12 is eccentrically coupled about a shaft axis 18. That is, the
center 20 of the annular ring 12 is displaced from the shaft
axis 18 such that rotation about the shaft axis 18 causes a
proportional change in distance of the outer surface 26 from
each ofthe sensors 14a and 14b.The sensors 14a and 14bare
configured to measure this distance and output a Signal to an
sensor transducing circuit 22. The sensor transducing circuit
22 is configured to combine the measured signals from each
ofthe sensors 14a and 14b into a single output Signal 24 that
accurately indicates the angular position of the annular ring
12 relative to the rotatable structure 16. In one embodiment,
the sensors 14a and 14b are adapted to not make contact the
annular ring 12. In this manner, an optical path may bemain-
tained through the center of the annular ring 12.

The angular position measurement device 10 may be
implemented on any suitable structure that has a rotatable
shaft. FIG. 1Cshows one embodiment ofan angular position
measurement device 10 that is configured as an electro opti-
cal/infrared sensor 28.AS shown, the electro optical/infrared
sensor 28 has a rotatable structure 16 that in this particular
embodiment is a gimbal assembly. FIGS. 1D and 1E Show
enlarged partial views of the one pair of sensors 14a and
associated annular ring 12.Inthis particular embodiment, the
rotatable structure 16 as shown is suited for implementation
onthe azimuthal axis ofthe electro optical/infrared sensor 28.
Inone embodiment, the outer surface 26 ofthe annular ring

12 has an essentially smooth contour. That is, there are no
Significant notches, slots, or other discontinuous surface fea-
tures on the outer surface 26. In this manner, the resulting
output Signal from either sensor 1411 or 14bmay be free of
glitches, spikes, or other discontinuous type signals as the
shaft rotates. Thus, the angular position measurement device
10may provide relatively accurate angular positionmeasure-
ments at each point throughout the rotational range of the
shaft.
Measurements of the angular position of the annular ring

12may be provided by at least two sensors that are disposed
a predetermined angular distance from one another around
the shaft axis 18.Inone embodiment, the two sensors 14a and
14b are displaced from one another at an angle of approxi-
mately 90 degrees. In another embodiment, each of the two
sensors may be a pair of sensors 14a and 14b such that four
sensors are used. Thus as shown in FIG. 1B, two pairs of
sensors 14a and 14b are provided to convey angular position
information from the annular ring 12 to the sensor transduc-
ing circuit 18. Sensors 14a and 14bmay be any suitable type
of sensor, such as, for example, an eddy current sensor. Sen-
sors 14a and 14b both comprise two sensors that are oppo-
sitely positioned around the shaft axis 12 such that they are
generally 180degrees apart with relation to the shaft axis 18.
Providing two sensors 14 180 degrees apart allows differen-
tial measurements to be taken that may serve the purpose of
canceling common mode noise within the measurement
device.
In this particular embodiment, each pair of sensors 1411 or

14bare generally perpendicular to one another. That is, a first
pairofsensors 1411may be positioned aroundthe shaft axis 18
such that they are generally 90 degrees apart with relation to
the other pair of sensors 14b. Thus, certain embodiments of
the present invention may provide enhanced accuracy for
measurements that are taken by angular position measure-
ment device 10. Each pair of sensors 14a and 14b may be

20

25

30

40

45

50

55

60

65

4
operable to output an output level indicative of the relative
distance ofeach pair of sensors 1411 or 14b from the annular
ring 12.
In the particular embodiment described above, the two

pairs of sensors 14a and 14b are disposed outside of the
annular ring 12.Using this approach, the two pair of sensors
14a and 14bmay be adapted to measure the distance from an
outside surface 26 ofthe annular ring 12. In another embodi-
ment ofan angularpositionmeasurement device 30 shown in
FIG. 2A, two pairs of sensors 34a and 34bmay be disposed
inside of the annular ring 32. In this embodiment, the two
pairs ofsensors 34a and34bhave a generally similar structure
and purpose to the two pairs of sensors 14a and 14bofFIGS.
1A and 1B.
The annular ring 32 is also similar in structure andpurpose

to the annular ring 12 ofFIGS. 1A and 1B.
The annular ring 32ofFIGS. 2Adiffers however in that the

two pairs of sensors 34a and 34b are configured to measure
the distance from an inside surface 46 ofthe annular ring 32.
Inoneembodiment, the annularring 32may formaportion of
a rotatable structure 36.
In one embodiment, the angular position measurement

device 30maybe implemented ona rotatable structure 36 that
may be a gimbal assembly as shown in FIG. 2C. In another
embodiment, the rotatable structure 36 may be used in con-
junction with an electro optical/infrared sensor. In this par-
ticular embodiment, the rotatable structure 36 as shownmay
be suited for implementation on the elevational axis of the
gimbal assembly.

A schematic diagram ofthe angular position measurement
device 30 of FIG. 2A is shown in FIG. 2B. The angular
position measurement device 30 also has sensor transducing
circuit 42 for combining the measured signals from each of
the sensors 34a and34b into a single Signal 44 that accurately
indicates the angular position of the annular ring 32 in a
similar manner to the sensor transducing circuit 22 of the
embodiment ofFIGS. 1A and 1B. Because the embodiment
ofFIGS. 2A and 2B function in a generally similarmanner to
the embodiment of FIGS. 1A and 1B, further description of
the various embodiments will continue with regard to the
embodiment ofFIGS. 1A and 1B only.

A graphical representation showing the output level OLl of
the first pair of sensors 14a and the output level OL2 of the
second pair of sensors 14b as the annular ring rotates about
the shaft axis 18 is shown in FIG. 3.Waveform 50 shows the
instantaneous output level OLl that may be produced by the
first pair of sensors 1411 as the annular ring 12 rotates 360
degrees about the shaft axis 18. Waveform 52 shows the
instantaneous output level OL2 that may be produced by the
second pair of sensors 14b as the annular ring 12rotates 360
degrees about the shaft axis 18. Because each of the pair of
sensors 14a and 14barepositioned approximately 90 degrees
apart, waveform 52 may be displaced from waveform 50 by
approximately 90 degrees.
The sensor transducing circuit 22 may be operable to

resolve the angular position of the annular ring 12 to any
angular position within a 360 degree radius. In one embodi-
ment, sensor transducing circuit 22may include a micropro-
cessor circuit that is operable to execute instructions stored in
amemory. To resolve the angular position ofthe annular ring
12 to any angular position, the sensor transducing circuit 22
may receive measurements from the first and second pair of
sensors 14a and 14b and combine these measurements using
the following computer implemented algorithm in the sensor
transducing circuit:

IF OL1>0AND OL2>0
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@2:ARCCOS(OL2)

ELSE

ELSEIF OL1<0 AND OL2>0

®l:ARCCOS(OL1)

82:180—ARCCOS(OL2)

ELSE
ELSEIF OL1<0 AND OL2<0

81:360—ARCCOS(OL1)

82:180—ARCCOS(OL2)

ELSE
ELSEIF OL1>0AND OL2<0

81:360—ARCCOS(OL1)

82:360—ARCCOS(OL2)

ENDIF
O↕refers to an angularpositionmeasurement calculatedby

the sensor transducing circuit 22 based upon the first pair of
sensors 14a. 92 refers to an angular position measurement
calculatedby the sensor transducing circuit 22based upon the
second pair of sensors 14b.The sensor transducing circuit 22
may combine the output levels ofeachpair ofsensors 14a and
14busing any suitable means to resolve the angular position
of the annular ring 12 within a 360 degree radius. In one
embodiment, the output levels OL1 and OL2 ofboth wave-
forms 50 and52has been normalized to be between 1 and —1.
Therefore, the algorithm as shown above may be able to
resolve the angular position ofthe annular ring 12within any
quadrant based upon the combinedpolarity ofmeasurements
taken.

Waveform 50has a relativemaximum peak region 50a and
a relativeminimumpeak region 50b.Additionally, waveform
52 has a relative maximum peak region 52a and a relative
minimum peak region 52b. Within either of these peak
regions 50a, 50b, 52a, and 52b, a relatively large angular
displacement occurs for a relatively small change in output
level of its associated sensor 14. Thus, when operating inde-
pendently ofeach other, each pair of sensors 1411 or 14bmay
provide a Signal level that may have reduced accuracy at
angular positions in which the sensor 14 is at a relative peak
level. Certain embodiments of the present invention may
provide enhanced accuracy to measurements taken when the
angular position ofthe annular ring 12 is within any ofthese
peak regions 50a, 50b, 52a, and 52b by combining the mea-
surement data from each pair of sensors 14a and 14busing a
weighting factor. That is, the sensor transducing circuit 22
may be configuredto combinemeasurements fromboth pairs
of sensors 14a and 14b such that measurements from any
particular pair of sensors 14 aremore lightly weighted when
the annular ring 12is within the peak region ofthat particular
pair ofsensors 1411or 14b. In one embodiment, theweighting
factor may be configured to heavily weight measurements
taken from the first pair of sensors 1411 except when the first
pair of sensors 14a is proximate a relative peak level 50a or
50b. In this particular embodiment, ifthe first pair of sensors
14a is proximate oneofthe relativepeak levels 5011or50b, the
sensor transducing circuit 22 may then be operable to more
heavily weight measurements from the secondpair ofsensors
14b. Thus, the weighting factor may be proportionally
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6
applied to measurements taken from the sensors 14a and 14b.
That is, the weighting factor may be increasingly applied to
the second pair of sensors 14b as the angular position of the
firstpair ofsensors 14a approaches the relativepeak level 5011
or 50b. In one embodiment, the weighting factor may be an
executable algorithm that is executed by the sensor transduc-
ing circuit 22. In this particular embodiment, the executable
algorithmthat is used to calculatethe output Signal 24maybe:

Angular position:O1+(Oz—Ol)*ABS(COS(O1))

The portion of the above algorithm, namely “(92—91)
*ABS(COS(®1))” may be referred to as a weighting factor.
Thus, ifthe output level OLl ofthe first pair of sensors 14a is
not proximate a relative maximum output level, then the
angular position measurement output by the system is pre-
dominantly givenby �↕∙ However, as the angular position of
the annular ring 12 approaches one ofthe relative maximum
output levels 50a or 50b, the weighting factor increasingly
weights the output level of 92 to the angular position mea-
surement value outputted on output Signal 24. This formula
may be stored in thememory of sensor transducing circuit 22
as an algorithm that continually calculates the angular posi-
tion based upon output level measurements taken by the sen-
sor transducing circuit 22. Thus, certain embodiments ofthe
present inventionmay provide anon-contact angular position
measurement system that maintains a relatively high degree
ofaccuracy throughout 360 degrees ofmovement ofits shaft.

FIG. 4 shows a sequence of acts that may be utilized to
implement a method for operating the angular position mea-
surement device ofFIGS. 1Aand 1B. In act 100, the annular
ring 12may be rotated relative to the first and second sensors
14a and 14b by rotating the shaft relative to the rotatable
structure 16.This rotationmay be continuous ormomentary.
That is, the shaftmay rotate continuously in amanner similar
to amotor that delivers rotational power to a load. Momentary
rotation on the other hand, may refer to rotational movement
ofrotational structures that areadaptedto provide static angu-
lar positioning ofthe shaft relative to the rotational structure,
such as, for example, gimbal joints, hinges, and the like.
During rotation of the annular ring 12, the output level OLl
andOL2ofeach ofthe sensors 14a and 14bmay bemeasured
in act 102.
The output levels ofboth sensors are then combined using

the sensor transducing circuit 22 at act 104. AS mentioned
previously, the act ofcombining the output levels may incor-
porate a weighting factor that increases the weighting of a
particular output level that is not proximate a relative peak
value. In one embodiment, angular measurements are taken
from a first sensor 14a and the output level of the second
sensor 14b is increasingly weighted as the output level ofthe
first sensor 14a approaches an relative peak value. In this
manner, no abrupt changes in measurements are incurred as
the annular ring 12rotates through its full range ofmotion. In
act 106, the combined angular measurement may then be
reported on output Signal 24 or 44.
Although the present invention has been described in sev-

eral embodiments, a myriad of changes, variations, alter-
ations, transformations, andmodifications may be suggested
to one skilled in the art, and it is intended that the present
invention encompass such changes, variations, alterations,
transformations, andmodifications as fallingwithin the spirit
and scope ofthe appended claims.

What is claimed is:
1.A gimbal assembly formeasuring an angular position of

a rotatable structure comprising:
a gimbal having a rotatable joint portion;
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an annular ring that is eccentrically rotatable about an axis
ofthe rotatable joint portion;

a first and second pair ofeddy current sensors being rotat-
able relative to the annular ring and disposed a predeter-
mined distance from the axis such that the first and
second eddy current sensors have a first and second
output level, respectively, that is proportional to the
angularposition ofthe annular ring, the first pair ofeddy
current sensors being disposed approximately 90
degrees from the second pair of eddy current sensors,
each eddy current sensor of each pair of eddy current
sensorsbeing disposed approximately 180degrees from
one another, the annular ring having a surface that faces
toward the first and second eddy current sensors, the
surface being essentially smooth in contour; and

a sensor transducing circuit operable to proportionally
combine the first and secondoutput levels into an output
Signal based upon a weighting factor, the weighting
factor being proportional to an absolute value ofthe first
output level such that the sensor transducing circuit is
configured to increase the weighting of the second out-
put level as the absolute value of the first output level
approaches a relative peak value.

2. The gimbal assembly of claim 1, wherein the first and
second sensors are operable to provide an output level that is
generally continuous over the angular range of the annular
ring.

3. The gimbal assembly of claim 1, wherein the first and
second sensors are disposed outside of the annular ring.

4. The gimbal assembly of claim 1, wherein the first and
second sensors are disposed inside ofthe annular ring.
5.A sensor assembly formeasuring an angular position of

a rotatable structure comprising:
an annular ring that is eccentrically rotatable about an axis;
a first and second sensors being rotatable relative to the
annular ring and disposed a predetermined distance
from the axis such that the first and second sensors have
a first and second output level, respectively, that is pro-
portional to the angular position ofthe annular ring, the
first and second sensors being disposed a predetermined
radial distance from one another;

a sensor transducing circuit operable to proportionally
combine the first and secondoutput levels into an output
Signal based upon a weighting factor, the weighting
factor being proportional to an angular position of at
least one of the first and second sensors relative to the
annular ring, wherein the weighting factor is propor-
tional to an absolute value of the first output level such
that the sensor transducing circuit is configured to
increase the weighting ofthe second output level as the
absolute value of the first output level approaches a
relative peak value.

6. The gimbal assembly of claim 5, wherein the first and
second sensors are eddy current proximity sensors.
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7. The gimbal assembly of claim 6, wherein the first and

secondpair ofeddy current sensors donot contact the annular
ring.
8. The sensor assembly of claim 5, wherein the rotatable

structure is a rotatable joint portion of a gimbal.
9. The sensor assembly of claim 5,wherein the weighting

factor is continuous overthe angularrangeofthe annularring.
10.The sensor assembly ofclaim 5,wherein the predeter-

mined radial distance is approximately 90 degrees.
11. The sensor assembly of claim 5, wherein the first and

second sensors each comprise a pair of sensors, each of the
pair of sensors are disposed approximately 180degrees from
each other around the shaft axis.
12. The sensor assembly of claim 5, wherein the first and

second sensors are disposed outside of the annular ring.
13. The sensor assembly of claim 5, wherein the first and

second sensors are disposed inside ofthe annular ring.
14. The sensor assembly of claim 5, wherein the annular

ring has a surface that faces toward the first and second
sensors, the surface being essentially smooth in contour.
15.The sensor assembly ofclaim 14,wherein the first and

second sensors are operable to provide an output level that is
generally continuous over the angular range of the annular
ring.

16.A method comprising:
eccentrically rotating an annular ring about an axis;
measuring a first output level and a second output level

from first and second sensors respectively, the first and
second sensorsbeing disposed a predetermined distance
from the axis such that the first and second output levels
are indicative of the distance of the first and second
sensors from the annular ring, respectively, the first and
second sensors being disposed a predetermined radial
distance from one another; and

combining the first and second output levels using a
weighting factor, the weighting factor being propor-
tional to an absolute value of the first output level such
that the second output level is more heavily weighted
than the first output level as the absolute value ofthe first
output level approaches a relative peak value.

17.Themethod ofclaim 16,wherein the annular ring has a
surface that faces toward the first and second sensors, the
surface being essentially smooth in contour.
18. The method of claim 16, wherein combining the first

and second output levels using a weighting factor comprises
combining the first and second output levels using a weight-
ing factor that is continuous over the angular range of the
annular ring relative to the first and second sensors.
19.Themethod ofclaim 16,wherein eccentrically rotating

an annular ring comprises eccentrically rotating the annular
ring around a rotatable joint portion of a gimbal.
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