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FIBER OPTIC INCLINATION DETECTOR SYSTEM 
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The Government has rights in this invention pursuant 

to Contract No. N00024-79-C-4027 awarded by the U. S. 
Department of Energy to the General Electric Company. 

BACKGROUND OF THE INVENTION 

Field o f the Invention 

The present inventLon relates generally to a system 
for determining the angular displacement of an object 
from a reference surface and, more particularly, to an 
improved system which is microprocessor controlled and 

utilizes a simple mechanical transducer in combination 
with fiber optic circuitry to determine such angular 
displacement. 

DescriDtion of the Pr io r  Art 

Presently, systems for determining the angular 

displacement of an object from a reference surface are 

commercially available. One known system employs a 
transducer which is fixed to the object. The transducer 

is formed from a Linear Variable Differential Transformer 

(LVDT) and a spring and weight assembly. The 
gravitational force of the weight is exerted on the 

movable core of the LVDT and this gravitational force is 
opposed by a compression force exerted by the spring. 
When an angle of inclination exists between the object 
an? the reference surface, the gravitational force of the 
weight changes. The gravitational force is determined by 
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the formula, gravitational force (F) = m x g x cos X, 
where m is the mass of the weight, g is the gravitational 
constant, and X is the angle of inclination measured f r o m  
the vertical. Under this condition, the weight force F 
acting against the spring is reduced. A s  the weight 

force F is reduced the core of the LVDT moves, changing 
the magnetic coupling between the 'LVDT primary and 

secondary coils and causing the output voltage of the 
LVDT to change. This change in LVDT output voltage is 

detected and the magnitude of the change is converted 

into an electrical signal representative of the angular 

displacement between the object and the reference 

surf ace. 
Although this well-known system which utilizes an 

LVDT/spring and weight assembly transducer is capable of 
determining the angular displacement between an object 
and a reference surface, it is not without problems. For 

example, since this transducer is formed from a 

relatively large number of mechanical parts, part wear 
and friction generated as mechanical parts move can cause 

an inaccurate angular measurement to be made. In 
addition, since this transducer also includes electrical 
components, electrical failures can also cause inaccurate 

angular measurements. 
Consequently, a need exists for an improved system 

for determining the angular displacement between an 
object and a reference surface which utilizes a 

transducer of simple mechanical design to eliminate both 
the mechanical and electrical difficulties experienced by 

presently utilized systems which employ combined 
LVDT/spring and weight assembly transducers- 

SUMM ARY OF THE INVENTION 
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The present invention is directed to an inclination 

detector system designed to satisfy the aforementioned 
needs. The inclination detector system of the present 
invention employs a simple mechanical transducer for 
measuring the angular displacement of an object f r o m  a 
reference surface and a fiber optic system communicating 

with the transducer for determining the value of the 
measurement. This arrangement is substantially free of 
mechanical or electrical difficulties since complex 

mechanical transducer structures and electrical circuitry 
are not utilized. The inclination detector system of the 

present invention is microprocessor controlled to 

compensate of optical losses experienced as the fiber 
optic system ages to provide a reliable measurement of 
angular displacement over a long period of time. 

Accordingly, the present invention is directed to 

fiber optic inclination detector system for determining 
the angular displacement of an object from a reference 

surface. The fiber optic inclination detector system 

comprises: (a) a spherical housing having top and bottom 
openings therein and adapted to be placed on a surface of 
the object: (b) a weighted sphere positioned within the 
housing and arranged to move relative to the housing when 

the housing is placed on the surface of the object so 
that top and bottom reference points located on an outer 
surface of the sphere lie along a line perpendicular to 

the reference surface, the top reference point is 
angularly spaced from the top opening and the bottom 
reference point is angularly spaced from the bottom 
opening; (c) a light source for generating an optical 

signal; (d) fiber optic circuitry for transmitting an 

optical signalsinto each of the top and bottom openings 
in the housing a thereafter receiving a pair of top and 
bottom return optical signals each reflected off the 
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surface of the sphere, the top return optical signal 
being proportional to the angular spacing between the top 

reference point and the top opening and the bottom return 
optical signal being proportional to the angular spacing 
between the bottom reference point and the bo.trtom 
opening; (e) a first photodetector device f o r  receiving 
the top return optical signal and converting the top 
return optical signal to a first voltage signal; (f) a 
second photodetector device for receiving the bottom 
return optical signal and converting the bottom return 
optical signal to a second voltage signal; and (g) a 
microprocessor for receiving the first and second voltage 

signals and generating a division product of the first 
and second voltage signals representative of the angular 
displacement of the object from the reference surface. 

These and other features and advantages of the 
present invention will become apparent to those skilled 
in. the art upon a reading of the following detailed 
description when taken in conjunction with the drawings 

wherein there is shown and described illustrative 
embodiments of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the course ofthe following detailed description, 
reference will be made to the attached drawings in which: 

Fig. 1 is a schematic representation of the fiber 

optic inclination detector system of the present 
invention, illustrating a mechanical transducer 
positioned on an object angularly displaced from a 
reference surface, optical circuitry communicating with 

the transducer for determining the value of the angular 
displacement and a microprocessor communicating with the 
optical circuitry for converting value of the angular 
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P 

measurement to a human-readable value: and 
Fig, 2 is a schematic representation of an alternate 

embodiment of the optical circuitry of the inclination 
detector system of the present invention communicating 

with the  mechanical transducer more fully illustrated i n  
Fig. 1, 

DETAILED DESCRIPTION OF THE INVENTION 

In the following description, like reference 

characters designate like or corresponding parts 
throughout the several views. Also in the following 

description, it is to be understood that such terms as 
"forward", "rearward", "right", "left", "upwardly", 
"downwardly", "top", "bottom", and the like, are words of 
convenience and are not to be construed as limiting 

terms. 
, 

Referring now to the drawings, and particularly to. 

Fig, 1, there is illustrated a fiber optic inclination 
detector system generally designated by the numeral 10 
for determining the angular displacement of an object 12 
from a reference surface 14. The angular displacement is 
represented by the angle x. The fiber optic inclination 

detector system 10 includes a transducer 16 which has a 
simple mechanical design requiring a minimum number of 

parts and no electrical components, The fiber optic 
inclination detector system '10 employs a single light 
beam which is split into two light beams. Each light 
beam is amplitude. modulated to detect the angle of 
inclination. The detector system 10 also includes a 

microprocessor operable to compensate for reductions in 
optical light transmission due to aging of the optical 

components and provide as an output signal thq value of 
the angular displacement x in human-readable form. 

A s  seen in Fig, I, the transducer 16 is positioned 
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on a surface 18 of the object 12. The transducer 16 
includes a spherical housing 20 shown in cross-section 

and fixed to the surface 18 of the object 12. The 
transducer 16 also includes a sphere 22 positioned w i t h i n  
the interior 24 of the spherical housing 20. The sphere 
22 is capable of rotating freely within the spherical 

housing 20 and has a center of gravity located below its 

geometric center 26. Since the sphere 22 is bottom 
weighted and movable within the housing 20, the top and 

bottom reference points 28, 30 of the sphere 22 remain 
essentially in their respective positions as shown in 
Fig. 1 for all values of the angle x. Assuming that the 

reference surface 14 is a level surface, the top and 
bottom reference points 28, 30 of the sphere 22 will 
remain along a line perpendicular to the reference 
surface 14 as the spherical housing 20 rotates relative 
to the sphere 22 upon placement of the housing 20 on the 

surface 18 of the object 12. 
A s  further seen in Fig. 1, the spherical housing 20 

includes top and bottom openings 34, 36 which extend 

through the wall 38 of the housing 20. The top and 
bottom openings 34, 36 are located in the housing 20 to 
remain along a line which is perpendicular to the surface 

18 of the object 12 when the transducer 16 is placed on 

the surface 18. Since the top and bottom openings 34, 36 

in the housing 20 lie along a line which remains 
perpendicular to the surface 18 and the top and bottom 
reference points 28, 30 of the sphere 22 lie along a line 

which remains perpendicular to the reference surface 14, 
the top opening 34 in the housing 20 is angularly spaced 
from the top reference point 28 of the sphere 22 and the 
bottom opening 36 of the housing 22 is angularly spaced 

from the bottom reference point 30 of the sphere 22 when 
the transducer 16 is placed on the surface 18. The 
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angular spacing between the top opening 34 and the top 
reference point 28 is equal to the angular spacing 
between the bottom opening 36 and the bottom reference 
point 30 and is also equal to the angular displacement_-x, 

Thus, determining the angular spacing between the top 
opening 34 and the top reference point 28, which may also 
be designated by the angle x, will determine the angular 
displacement of the object 12 from the reference surface 

14. , 
The value of the angle x may be determined as a 

function of the reflectivity of the sphere 22. The 

sphere 22 has an outer surface 32 which has a varying 
reflectivity. Preferably, the outer surface 32 of the 
sphere 22 is coated with a reflective material so that 
the top of the sphere 22 indicated by the top reference 
point 28 has a maximum reflectivity of ideally 100%. The 

'reflectivity gradually decreases to 50% at the geometric 

center 26 of the sphere 22 and further decreases to a 
minimum of ideally 0% at the bottom of the sphere 22 
indicated by the bottom reference point 30. In terms of 

spherical coordinates as illustrated in the coordinate 
diagram 40, the equation that describes the change from 
maximum reflectivity to minimum reflectivity (R) is: 

R = 1 - x/180 degrees (equation 1) 
The variable x, which is the quantity being 

measured, is in degrees and has a range of between 0 <= x 
<=  180. The range for the remaining spherical 
coordinates are 0 <= y <= 360 and z = r, where r is the 

radius of the sphere 22. 
For the condition when the top opening 34 in the 

housing 20 is aligned with the top reference point 28 of 
the sphere 22 (also referred to as T), 0 degrees will be 

the reference point for measurement of the angle x. 
Since the sphere 22 has an outer surface of varying 
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reflectivity, the reflectivity will change from. a maximum 

to a minimum as the value of the angle x increases. T h e  
equation for reflectivity at the point T is: 

& = 1 - ~/180. (equation 2) 
Under this same condition, the bottom opening 36 i n  

the housing 20 is aligned with the bottom reference point 
30 of the sphere 22 (also referred to as B), and x = 180 
degrees will be the reference point for angular 
measurement. The reflectivity will change from a minimum 
to a maximum at this point as the value of x increases. 
As such, the equation for reflectivity at point the point 

B will be the complement of R,. It is derived as 
follows: 

R, = 1 - R, (equation 3) 
R, = 1 - (1-~/180) (equation 4 )  3 

R, = x/180 (equation 5) 
As the angular displacement between the object 12 

and the reference surface 14 increases, the sphere 22 
rotates within the housing 20 (i-e., the x coordinate 
changes) due to the weighted condition of the sphere 22, 
causing the amplitude of an optical signal passed through 

the top opening 34 in the housing 20 and reflected off 
the outer surface 32 of the sphere 22 (R,) to decrease. 
This optical signal reflected off the outer surface 32 of 
the sphere 22 after entering the top opening 34 is 

referred to as the top return optical signal. At the 
same time the amplitude of an optical signal passed 
through the bottom opening 36 in the housing and 

reflected from the outer surface 32 of the sphere 22 (R,) 
increases. This optical signal reflected off the outer 
surface 32 of the sphere 22 after entering the bottom 
opening 36 is referred to as the bottom return optical 

signal. 
- Optical signals are provided to the top and bottom 
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openings 34, 36 of the housing 20 via a light source 42 

and fiber optic circuit generally designated by the 
numeral 44. The light source 42, which may be a light- 
emitting diode or other suitable device, generates an 
optical signal which is passed first through a 
conventional light splitter 46. As known in the art, the 
light splitter 46 splits. the optical signal so that one- 
half of the optical signal is provided to a first fiber 

optic transmission circuit 48 connected with the top 
opening 34 in the housing 20. The remaining one-half of 
the optical signal is provided to a second fiber optic 
transmission circuit 50 connected with the bottom opening 

36 in the housing 20. 
Under ideal conditions where no losses are 

experienced by the individual optical fibers forming the 

first and second fiber optic transmission circuits 48, 
50, the connectors 52 through 64 joining the individual 

optical fibers forming the circuits 48, 50 and the 
optical light splitter 46, the amount of optical power 

incident on point T ( A , )  and the amount of optical power 
incident on point B ( A , )  will be equal to one-half the 

optical power delivered by the optical source 42, or 0.5 
A,, since the optical power from the source 42 passes 
through the 5 0 / 5 0  splitter. A s  such: 

A, = A, = 0.5 x A, (equation 6) 
The amount of optical power returned from point T 

( P,) or from the point B ( PB) is equal to the product of 
the reflectivity and the amount of optkcal power incident 

on these points, or: 

P, = A, x R,, and (equation 7) 
P, = A, x R, (equation 8 )  

The input/output relationship for the value of the angle 

x, or the angular displacement of the object 12 from the 
reference surface 14, in terms of reflectivity (R) and 
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incident light (A) can be expressed as a ratio: 
Angular displacement = PB/P, (equation 9 )  

= (equation 10) 
Using equations 2, 5 and 6, equation 10 reduces to: 
Angular displacement = x/(180 - x) (equation 11) 
At 0 degrees angular displacement equation 11 yields 0. 
At 90 degrees angular displacement equation 11 yields 1. 
Between 0 degrees and 90 degrees equation 11 varies 

between 0 and 1 and can be linear by properly coating the 
outer surface 32 of the sphere 22 with the reflective 
material. 

The angular displacement representative of the value 

of the angle x is determined as follows. The top return 
optical signal previously described and having a power 

value P, expressed by the equation 7 passes through a 
first fiber optic return circuit 66 and into a first 
photodetector 68. A s  is well known in the art, the first 

photodetector 68 is operable to convert the top return 
optical signal into an top analog electrical signal, The 
top analog electrical signal next passes through an 
analog to digital converter 70 wherein it is digitized, 
The top electrical signal in digital form is finally 
provided to a microprocessor 72 wherein it is stored. 

Likewise, the bottom return optical signal previously 
described and having a power value P, expressed by the 
equation 8 passes through a second fiber optic return 
circuit 74 and into a second photodetector 76 wherein it 

is converted into a bottom analog electrical signal. The 
bottom analog electrical signal next passes through an 

analog to digital converter 78 wherein it is digitized. 
The bottom electrical signal in digital form is finally 
provided to the microprocessor 72 wherein it is also 
stored. Within the microprocessor 72, the value of the 
angle x is determined by solving the equations 9 through 
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representative of the 

angular displacement between L e  object 12 and the 
reference surface 14 is provided to a display device-80 

which provides a visual indication of the value of the 
angle x. 

In the ideal case described above, the sum of the 
power returned from top and bottom reference points T and 
B r  or the sum of the power of the top and bottom return 
optical signals, is an indication of the total amount of 
optical power being reflected off the outer surface 32 of 
the sphere 22 and should remain constant if optical 

losses are ignored. To .prove this, neglecting the 
los,ses, the amount of light received at the points T and 
B is 0.5AS, and the sum of the optical powers (or sum of 
the signals that represent the optical powers) from the 

points T and B is: 

0.5 x A, x R, 

+ 0.5 x A, x RB 

= A, (& 

(equation 12) 
. ( equation 13 ) 
(equation 14) 

Substi-u-ing equations 2 and.5 ,nto equation 14 and 
simplifying the results gives A, x 1 = A,. If losses are 

included then the reflected power will be less than the 
power provided by the light source 42. 

During the initial installation of the fiber optic 

inclination detector system 10 the number that represents 
the returned power as given by the equation 14 may be 
stored in the memory of the microprocessor. 72. 
Periodically throughout operation the returned power 

could be calculated by the microprocessor 72 and compared 
to the value stored in memory, or some other value which 
represents a threshold value .below which the returned 

optical power is judged to be insufficient for detection. 
At a preselected point below the threshold value, the 
microprocessor 72 will provide as an output a digital 

30 
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electrical signal which is converted to an analog 

electrical signal by digital-to-analog converter 82. T h e  
analog electrical signal next passes though a biasing 

circuit 84 to either increase the electrical current 
provided to the light source 42 or to activate one or 
more additional light sources. 

By virtue of the fact that the angular inclination 

can be expressed as a ratio of two optical or electrical 
signals, any common mode attenuation cancels out. The 
differential mode attenuation could be detected as 

follows. The sphere is coated with a reflective material 

such that the percentage of light reflected (% x 4) is 
equal to the complement of the percentage of the light 
absorbed ( R, x A , ) ,  or: 

R , x A , = l  - & x A T  (equation -15) 
Let the subscript i stand for a initial value and the 

subscript f stand for a final value. A change in 
quantity is equal to the difference between the initial 
and final values. 

RBf x ABf = 1 - RTf x A,, (equation 16) 

- (RBi X A,i = 1 RTi X ATi) (equation 17) 
The difference is expressed by equation 18 below: 

RBf ABf - A B f  = RTf ATf - Rl'f A T f -  

Equation 18 can be rewritten as: 
!delta (R ,xA, )  / delta (RTxA, )  = 1 (equation 18) 
Throughout operation equation 18 can be calculated 

by the microprocessor 72. If the result increases in 
value then the losses in the first fiber optic 
transmission circuit 48 and the first fiber optic return 

30 circuit 66 have'increased relative to the losses in the 
second fiber optic transmission circuit 50 and the second 
fiber optic return circuit 74. If the result decreases 

in value 'then the opposite is true regarding these 
optical losses. Compensation can be performed by the 
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microprocessor 72. 
Equations 10, 14 and 18 represent the input/output 

relationships for the angular displacement, total power 
returned and differential mode attenuation, respectively, 

in terms if the angle x and equations 2 and 5. These 
input/output relationships can be derived for the non- 
ideal case where optical losses are included and the 
optical power outputs P, and P, ,re converted by the first 
and second photodetectors 68 and 76 to voltages V, and 
vi3 These voltages are measured across the load 

resistors 82 and 84 of the first . and second 

photodetectors 68 and 76, respectively. Assuming that 
the references C, through C, represent the optical losses 
associated with the fiber optic connectors 52 through 64, 
respectively, the references S, through S, represent the 

optical losses associated with the light splitter 46 for 
an optical signal transmitted to the transducer 16, the 

references S,' and S,' represent the optical losses 
associated with the light splitter 46 for an optical 

signal received from the transducer 16 and the references 
L, through L, represent the optical losses associated 

with the optical fiber, then the transfer function that 

relates optical input at the photodetector 68 to voltage 
output at the photodetector 68, including losses, for the 
optical circuits 48 and 66 for the optical path connected 

to the top opening 34 in the housing 20 is: 
V, = A, x (C,  x 0.5 x L, x S, x L, 

x S, x C, x L, x C,) x R, x 

(C,  x L, x c, x S,' x c, x L, 
x D,) x R' (equation 19) 

If L,, represents the first parenthetical and LfR 

(equation 20) 

represents the second parenthetical, then: 

Let A, = (As  x LTF) and p L p l  = (AT x L,,), then 
I VT = As X. LT, X Rr X LTR 
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V, = ATf x &, in volts. (equation 21) 

The transfer function that relates optical input at 
the photodetector 76 to voltage output at the 

photodetector 76,  including losses, fo r  the optical 
circuits 50 and 74 for the optical path connected to the 
bottom opening 36 in the housing 20 is: 

V, = A, x (C, x 0 . 5 . ~  L, x SI x L, x 
S, x C, x L, X C,) x R, x (C, x 
L, x C, x S,' x L, x C, X D,) (xxf?htion 22) 

If L,, represents the first parenthetical and La, 

V, = A, x La, x R, x LE, (equation 23) 

V, = A,' x R,, in volts. (equation 24)  
Input/output relationships for angular displacement 

(equation lo), total optical power returned (equation 14) 
and differential mode attenuation (equation 18) can now 
be written in terms of V, and V,. For these derivations 
the amplitudes of light incident on points T and B which 

have been obtained for  the ideal case, namely A, and A,, 

respectively, are replaced with those amplitudes obtained 

f o r  the non-ideal case, namely AT1 and A,'. Thus, 
angular displacement, or the value of the angle x, is: 

represents the second parenthetical, then: 

Let A, = (A, x La,) and A,' = (A, x L,,), then 

A B ' )  / (& A T 1 )  (equation 25) 
Substituting equations 21 and 24 into equation 25, the 
angular displacement, or the value-of the angle x, is 
equal to V,/V,. 

power returned 
photodetectors 
information by 
respectively, 

Using similar substitutions, the total 
is V, + V,. The voltage outputs f r o m  the 

68 and 76 are converted to digital 

the analog-to-digital converters 70, 78, 
for use by the microprocessor 72 in 

calculating the angular displacement, or the value of the 
angle x, and performing compensation for the differential 

. 
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mode and common mode optical losses. As previously 

described, the microprocessor 72 also controls current to 
the light source 42 and drives the digital display 80, 

. Now referring-to Fig, 2, there is illustrated.an 

alternate method for compensating fo r  optical losses in 
the fiber optic circuit 44 and associated equipment as 

previously described with respect to Fig, 1, The 
alternate method utilizes a dual wavelength light source 

and the sphere 22 is coated so that the reflectivity of 
the sphere 22 varies for one wavelength as previously 
described. For the other wavelength, 100% of the light 

is reflected under. all conditions of inclination. This 

other wavelength would be used to monitor optical losses. 
Beam splitter/filter co,mbinations 86 could be used to 

separate the two optical signals. Photodetectors 88 
could convert the optical signals to analog electrical 
signals, and analog-to-digital converters 90 could 

convert the analog signals to digital signals for 

processing. 
It is thought that the present invention and many of 

its attendant advantages will be understood from the 

foregoing description and it will be apparent that 
various changes may be made in the form, construction and 

arrangement of the parts of the invention described 

herein without departing from the spirit and scope of the 
invention or sacrificing all of its material advantages, 
the forms hereinbefore described being merely preferred 

or exemplary embodiments thereof. 
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A fiber optic inclination detector system for 
determining the angular displacement of an object f r o m  a 
reference surface includes a simple mechanical transducer 
which requires a minimum number of parts and no 
electrical components. The system employs a single light 
beam which is split into two light beams and provided to 
the transducer. Each light beam is amplitude modulated 
upon reflecting off the transducer to detect inclination. 

The power values associated with each of the reflected 

light beams are converted by a pair of photodetectors 
into voltage signals, and a microprocessor manipulates 
the voltage signals to provide a measure of the angular 

15 displacement between the object and the reference 

surf ace. 
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