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1
TERMINAL GUIDANCE SENSOR SYSTEM

ORIGIN OF THE INVENTION

The invention described herein was made in the per-
formance of work under a NASA contract and is sub-
ject to the provisions of Section 305 of the National
Aeronautics and Space Act of 1958, Public Law 85-568
(72 Stat. 435; 42 USC 2457).

BACKGROUND OF THE INVENTION

One application in which a first element must be
positioned by remote control with respect to a second
element, is in the initial coupling of a pair of space vehi-
cles, as in the initial coupling of a space shuttle to an
orbiting satellite. A grappling claw lying at the end of a
long manipulator boom extending from the space shut-
tle, is manipulated so that the claw is in line with the
grappling fixture, and with the plane of the claw paral-
lel to the plane of the grappling fixture. The claw then
can approach slightly closer to the fixture and four jaws
on the claw can close over four corresponding strikers
on the fixtures, to securely connect the end of the boom
to the fixture on the satellite. The lateral positioning of
the claw substantially in line with the fixture normally
can be easily accomplished as by an operator viewing
them from a distance, but sensing the orientation of the
claw about yaw and pitch axis and sensing distance
along the line of sight, are difficult to accomplish by
mere viewing from a distance. A relatively simple sys-
tem for sensing the orientation and line-of-sight distance
of a pair of elements would aid in the manipulation of a
claw designed to grasp a fixture, as well as in other
remote control applications.

SUMMARY OF THE INVENTION

In accordance with one embodiment of the present
invention, a relatively simple guidance system is pro-
vided for sensing the relative orientation and line-of-
sight distance of a pair of elements. The system includes
a pair of distance sensing devices that sense the distance
between each of two locations on the first element with
respect to each of two corresponding locations on the
second element. The apparatus can also include a motor
for rotating one of the elements about an axis which
extends half way between the two locations on that
element, until the distances measured at the two loca-
tions are in a certain relationship such as equal to each
other. Another set of distance measuring devices can be
utilized to sense rotation about another axis perpendicu-
lar to the first axis, so that the elements can be oriented
about both yaw and pitch axes.

The novel features of the invention are set forth with
particularity in the appended claims. The invention will
be best understood from the following description when
read in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a perspective view of a space vehicle ar-
rangement which utilizes a guidance system of the pres-
ent invention to orient a claw with respect to a grap-
pling fixture.

FIG. 2 is a perspective view of a portion of the appa-
ratus of FIG. 1, showing the claw and grappling fixture
thereof, and the associated sensor arrangement.

FIG. 3 is a schematic diagram of the arrangement of
FIG. 2, showing the manner in which it operates when

2
one element is rotated in yaw from a desired orienta-
tion.

FIG. 4 is an elevation view of a proximity sensor
arrangement utilized in the apparatus of FIG. 2.

FIG. 5 is a schematic diagram showing a guidance
system constructed in accordance with another embodi-
ment of the invention, which utilizes binary interpreta-
tion of proximity sensor data.

FIG. 6 is a schematic diagram of a sensor system
constructed with another embodiment of the invention,
which utilizes continuous range information from prox-
imity sensors.

FIG. 7 is a partial perspective view of a sensor system
constructed in accordance with another embodiment of
the invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1 illustrates an end effector or claw element 10
which lies at the end of a long articulated manipulator
boom 12 extending from a space shuttle 14, and which

_ has been deployed to engage a grappling fixture element
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16 on a satellite 18. An operator in the shuttle craft 14
can view the elements through a window 20 or through
a TV monitor, to operate the boom so as to position the
claw element or claw 10 close to the grappling fixture
element or fixture 16. One requirement for the claw 10
to properly grasp the fixture 16 is that the claw must be
positioned with its roll axis 22 substantially in line with
the axis 24 of the fixture, and the claw 10 must be ro-
tated about the roll axis 22 to the proper position there-
about. Another requirement is that the claw must be
oriented so it is not tilted about a yaw axis 26 or a pitch
axis 28 that are both perpendicular to the roll axis 22.
Still another requirement is that the claw mechanism
must be within a given distance relative to the grappling
fixture, that is, the top plane 30 of the grappling fixture
must be within the grasp envelope of the claw mecha-
nism. It is found that an operator can fairly easily deter-
mine when the roll axis 22 of the claw is in line with the
axis of the fixture and the claw is in the proper rota-
tional position about the axis 22, and in any case prior
art mechanisms are available to sense this. However,
difficulty is encountered in determining when the claw
is at the proper terminal distance relative to the grap-
pling fixture and when the claw is in the proper orienta-
tion with respect to the yaw and pitch axis 26, 28 with
respect to the fixture. The present invention is directed
largely to a system for sensing the orientation of the
claw or other element about these axes, with respect to
the fixture 16 or other element, as well as for sensing
their distance apart.

FIG. 2 illustrates details of the claw 10 and of the
grappling fixture 16 designed to be engaged by the
claw. The claw includes four hooks 31-34 that have
inner ends pivotally mounted on a plunger 36 and mid-
dle portions pivotally mounted on links 38 supported on
a frame 40. When the plunger 36 is pulled up, the ends
of the hooks 31-34 rotate in a downward and inward
direction to grasp striker portions 41-44 of the fixture
16. As mentioned above, engagement of the elements
10, 16 can be accomplished by first orienting the roll
axis 22 of the claw over the fixture and rotating the claw
so the hooks are over the striker portions or strikers
41-44. It is then necessary to bring the claw mechanism
to the proper distance from the grappling fixture and to
orient the claw about a yaw axis 26 and about a pitch
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axis 28, to assure that all four hooks 31-34 will properly
engage all four strikers.

In order to sense the distance between claw and grap-
pling fixture and to sense the orientation of the claw
about the yaw and pitch axes 26, 28, four sensor ar-
rangements are provided, which include four proximity
detectors 51-54 located on the claw 10. Each of the
detectors is a proximity sensor which senses the dis-

tance to one of four pad areas or pads 61-64 that may be -

defined on the top plane 30 of the grappling fixture. For
example, the two proximity sensors 51, 52 sense the
distances D1 and D3 to locations on the top plane of the
fixture. A comparison of these two distances Djand D3
enables the guidance system to determine the orienta-
tion of the claw 10 about the yaw axis 26, which extends
perpendicular to an imaginary line 55 connecting a pair
of locations on the claw such as the locations of the
sensors 51, 52. A comparison of the distances sensed by
the other two sensors 53, 54 enables a determination of
the orientation of the claw about the pitch axis 28. The
distance between the claw mechanism and grappling
fixture can be taken as the average of the four measured
distances to four locations on the top plane of the fix-
ture.

FIG. 3 is a diagram of the claw 10 and fixture 16, in
an orientation wherein the claw 10 is rotated by perhaps
20° from the proper orientation about the yaw axis 26.
In this case, the sensor 51 will sense a distance D which
is less than the distance D; sensed by the sensor 52. The
difference in the distances Dj and D3 can be utilized to
determine the direction and amount of yaw. In particu-
lar, the yaw angle equals arc tan [(D1—D32)/D], where
D is the lateral distance between the two sensors 51 and
52 on the claw. A similar comparison of the distances
D3 and D4 sensed by the sensors 53 and 54, can be uti-
lized to determine rotation of the claw about the pitch
axis 28.

In the apparatus of FIG. 3, the four sensors 51-54 are
located at the four corners of an imaginary square 70
that lies in a plane that may be considered the plane of
the claw 10. The four pads 61-64 lie at the corners of
another square 72 which defines the top plane 30 of the
grappling fixture 16. It may be noted that the square 72
on whose corners the pads 61-64 lie, is rotated 45° from
a square on whose corners the middles of the strikers
41-44 lie. A purpose of the guidance system is to deter-
mine when the tow planes 70, 72 lie parallel to one
another and are within a given distance relative to one
another, which is when the hooks of the claw will be
able to grasp all four strikers of the fixture. A variety of
sensor devices can be utilized to sense distances. Where
each of the distances Dj-Dj4 is known quantitatively
with reasonable precision, it is a relatively simple matter
to turn the claw so as to make all four distances equal,
and to move the claw towards or away from the fixture
to a distance which enables engagement of the hooks
with the strikers when the claw is closed. If the dis-
tances D1-Dy4 are not equal, the operator in the shuttle
14 of FIG. 1 can operate controls that energize motors
such as 74 and 76 that respectively pivot the claw about
the yaw and pitch axes 26, 28, and to bring the claw to
the proper distance relative to the grappling fixture.

FIG. 4 illustrates a proximity sensor arrangement 80
which can be utilized to detect the distance between a
sensor 51 thereof and the top plane of the grappling

fixture. The sensor 51 includes a narrow light beam:

source 82 which directs a narrow light beam through a
beamsplitter 84, so that a narrow circle of light 86 falls
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on the pad 61. The pad 61 has a diffuse colored surface.
The sensor 51 includes a lens 88 that can form an image
of the spot 86 onto a photocell 90. The narrow light
beam from source 82 is infra-red, and a filter 92’ is uti-
lized to block visible light from reaching the cell 90. -
The total amount of infra-red light reaching the cell 90
is proportional to the square of the distance to the pad
61 over a considerable range, and the analog output of
the cell 90 can be utilized to sense the distance to the
pad. The output of the cell 90 is delivered to a distance
indicating circuit 92 which senses the analog distance.
The output of the circuit 92 is delivered to an orienta-
tion calculating circuit 94 which receives the outputs of
the three other sensors 52-54. The circuit 94 has a pair
of outputs 96, 98 which respectively indicate the
amount and direction of yaw and pitch, of the claw with
respect to the grappling fixture. These outputs can be
utilized to directly control the motors 74, 76, or can be
utilized in a display to indicate to the operator how the
orientation of the claw must be changed.

Although the use of four proximity sensors provides
a simple way to measure yaw and pitch, it is possible to
make the measurements with only three of the sensors
operating, and with the fourth such as 54 not operating.
This can be accomplished, for example, by first deter-
mining the distance D, (FIG. 3) along the roll axis be-
tween the jaw and fixture elements, based upon the
measurements D and D3, by the equality

D=(D1+D2)/2

Then, D4 can be calculated by the equation

Dy=D.—(D3—Dc)

Another way of considering the situation is that the
planes of the jaw and fixture elements are parallel when
Di=D,=Da3. It is also possible to utilize three sensors
angled about the roll axis 22, to measure tilting about
predetermined yaw and pitch axes, regardless of the
angular displacement (about the roll axis) between any
of the sensors and the yaw and pitch axes. These
schemes are readily implemented by employing a simple
dedicated microcomputer.

_Although proximity sensors are available which can
indicate the precise distance between two locations on
the elements within a wide range of distances, simpler
proximity sensors can be utilized which sense only the
binary states of “closer” or “further” than a predeter-
mined distance. FIG. 5 illustrates a sensing system 100
which can be utilized with binary state proximity sen-
sors, to determine when the plane 102 of a first element
is parallel with the plane 104 of another element and
with the planes spaced a predetermined distance Djs
apart. The first element has four binary treated sensors
labelled A, B, C, and D that sense the distance to four
corresponding locations 111-114 on the other element.
When the sensor A senses the distance to location 111 to
be less than a predetermined distance A1, then sensor A
generates the binary output “1,” and when it senses the
distance to be greater than this, ie., in the range A,, it
generates the output “0.” Similarly, the other binary
sensors B, C, and D generate an output “1” only when
the sensed distance is less than predetermined distances
Bi, Ci, and D, respectively. By making the distances
Ajand Cy, at which the binary state changes for two of
the sensors, greater than the distances By and Dy at
which the binary states of the other sensors change, the
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system can detect when the eléments are in proper
orientation and position. The planes 102, 104 of the two
elements are close to parallelism and close to a spacing
D; apart when two of the sensors A and C generate a
binary “1” indicating they are too close to the locations
111, 113, while both of the other sensors B and D gener-
ate binary “0” indicating they are too far from locations
112, 114. A table indicating the physical relationship
between the two planes 102 and 104 of two elements,
for each of 16 possible combinations of binary outputs
of the elements A-D is provided below.

LOGIC STATE

PHYSICAL STATE B C

SUCCESS

TOO FAR

TOO CLOSE

+YAW ERROR

+YAW ERROR

—YAW ERROR

—YAW ERROR

+PITCH ERROR

+PITCH ERROR

—PITCH ERROR

—PITCH ERROR

+YAW AND —PITCH ERRORS
—YAW AND —PITCH ERRORS
—YAW AND +PITCH ERRORS
+YAW AND +PITCH ERRORS
IMPOSSIBLE

O~ OO =, O~ OO O~
= Y - X =)
O M S r OO~ = OO — O -
_,_ e, OO OO M= mOo=mOo—00|T

FIG. 6 illustrates a guidance system 120 which uti-
lizes sensors E, F, G, and H of a tertiary type. That is,
each sensor such as E on one element 126 can generate
any one of three outputs, depending upon the distance
to a corresponding location 121 on the grappling fixture
or other element 128. The output of the sensor E is “2”
when the distance lies within the range Ey, the output is
“1” when the distance lies within range Ei, and the
output is “0” when the distance is in the range Eg
(which indicates the distance is greater than a predeter-
mined amount). There are 34=81 combinations of the
logic state of the four sensors, which indicate various
physical states of the system, and these states are given
in the table below:

LOGIC
STATE
PHYSICAL STATE E F G H
1 SUCCESS 1 1 1 1
2 TOO FAR 0 0 0 O
3 TOO CLOSE 2 2 2 2
4 /1 0 0. 0
5 1 1 0 1
6 2 1 1 1
7 +YAW ERROR 2 2 1 2
8 2 0 0 0O
9 2 2 0 2
10 20 1 0
11 2 1 0 1
12 \ 1 2 0 2
13 s/ 0 0 1 O
4 0o 1 1 1
15 1 1 2 1
16 1 2 2 2
17 —YAW ERROR 0 0 2 0
18 0 2 2 2
19 1 0 2 0
20 01 2 1
21 N0 2 1 2
22 0 0 0 !
23 1 0 t 1
24 1 11 2
25 2 1 2 2
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-continued

/ LOGIC
STATE
PHYSICAL STATE

|
Q

"2

26 +PITCH ERROR
27

28

30 \
31 /
32
33
34
35
36
37
38
39 \
40 ¢
41
42
43
44
45
46
47
48
49 ;
50
51
52
53
54
55
56
57 \
58 /
59
60
61
62
63
64
65
66 \
67 /
68
69
70
71
72
73
74
75 \
76
77
78
79
80
81

—PITCH ERROR

+YAW AND +PITCH ERRORS
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+YAW AND —PITCH ERRORS

—~YAW AND —PITCH ERRORS

~YAW AND +PITCH ERRORS

IMPOSSIBLE

N~ N~ O~ 00— OO mOO —~mOOCO—ORNRN LR RNRNRNNC,RRN - — RN N~ ONORN ~—~ON~ONO ]
NON - mrOmOm OO0 ~ORNNmEm NN — NN =2~ NR -0 =m0~ -~ —~00—~00
N —,NO = NN e C RNNRNNCRNNNR == NN~ —~00 =000~ 000~ 00 —~ORN—~ONON~,~ON—~ONO
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It may be noted that the sensor arrangement shown at
80 in FIG. 4 can be utilized as a tertiary sensor, by
utilizing a photocell arrangement 90 which includes a
central cell 130 and a ring cell 132 extending around it.
When the distance to the spot 86 on the pad 61 is close
to the desired distance, the entire image will be sharply
focused on the center cell 130 and the ring cell 132 will
have substantially zero output. When the spot 86 is
much closer or further than a desired distance, both the
center cell and ring cell 132 will be illuminated, but with
the illumination being much lower when the spot is too
far than when it is too close.

Referring again to FIG. 2, it may be noted that the
sensor arrangement can be utilized not only to deter-
mine axial distance, yaw, and pitch, but also whether
the elements are in proper rotational position about the
roll axis 22 and whether their roll axes 22, 24 are
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aligned. This can be accomplished by selection of the
width W and length L of the pads 61-64. If any of the
four sensors 51-54 do not detect a spot on their corre-
sponding pads 61-64, then this indicates an unaccept-
able rotational position or laterally shifted position (as-
suming no more than moderate roll or pitch). The width
W of the pads (actually the circumferential length about
the axis 24) or at least of a dull white (or some special
retroreflector portion thereof), determines the range of
rotation about the roll axis that will go undetected. The
radial length L. determines the range of misalignment
that will go undetected. The values of W and L are
chosen so that all four jaws can reliably engage all four
strikers when no roll or misalignment error is detected.

It should be noted that all four sensors on an element,
such as sensors 51-54, do not have to lie in the same
plane so as to be equidistant from a point on the axis of
the claw. However, each pair of sensors that are utilized
to measure rotation about an axis, such as sensors 51 and
82 utilized to measure yaw, should lie on opposite sides
of that axis or at least at different distances from it as
viewed along the roll axis 22. In any case, circuitry is
utilized which rotates the claw 10 about the yaw axis 26
which extends perpendicular (when viewed along the
roll axis 22) to a line 28 connecting the sensors, to
change the difference in distances D1 and D; toward a
predetermined value. The predetermined value of the
difference distance is zero in the case where sensors
such as 51 and 52 are equally distant from their respec-
tive pads 61, 62 at the desired orientation of the claw.

Thus, the invention provides a guidance system of
relatively simple construction, which enables the orien-
tation control of an element with respect to another
element about both yaw and pitch axes, while also con-
trolling their separation distance. This is accomplished
by the use of proximity, or distance measuring, sensors
that are spaced apart. At least three sensors measuring
the distances between three pairs of locations on the
elements, enable the determination of the orientation
and distance of the elements. It is possible, for example,
to utilize three elements located at the three points of an
equilateral triangle, and in that case one element can be
considered a sensor means and the other two elements
considered to be the other sensor means in determining
orientation about an axis that extends between the two
sensor means. FIG. 7 shows such an arrangement,
wherein three sensors 141-143 sense the distances to
three pads 145-147. Although analog or multi-state
distance measuring sensors can be utilized, it is also
possible to utilize a limited number of binary distance
measuring sensors to determine when a pair of elements
are at the proper spacing and orientation about yaw and
pitch axes.

Although particular embodiments of the invention
have been described and illustrated herein, it is recog-
nized that modifications and variations may readily
occur to those skilled in the art and consequently, it is
intended that the claims be interpreted to cover such
modifications and equivalents.

The embodiments of the invention in which an exclu-
sive property or privilege is claimed are defined as
follows:

1. A guidance system comprising:

a first element forming a claw having four hook
means arranged substantially at the corners of a
square; '

a second element forming a grappling fixture having
four strikers with portions arranged substantially
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along the corners of a first square for engagement
by said hook means;

four distance sensing means for sensing the distance
between each of four locations on said first element
and each of four corresponding locations on said
second element, the locations.on said second ele-
ment being arranged at the corners of a second
square rotated about 45° from the orientation of
said first square; and

element turning means responsive to the difference in
distance sensed by each pair of distance sensing
means which correspond to the locations at oppo-
site corners of said second square, for turning one
of said elements about an axis which extends
largely perpendicular to an imaginary line connect-
ing the pair of opposite corners.

2. In a guidance system for orienting a first element in
rotation about yaw and pitch axes with respect to a
second element, the improvement of apparatus for de-
tecting the relative rotational positions of the elements
about the axes, comprising:

a first pair of distance measuring sensors located on

one of said elements, on either side of said yaw axis;

a second pair of distance measuring sensors located
on either side of a pitch axis that extends perpendic-
ular to said yaw axis; and

circuit means responsive to said sensors for generat-
ing a yaw indicating signal dependent upon the
difference in the distances measured by said first
sensors, and a pitch indicating signal dependent
upon the difference in the distances measured by
said second sensors;

each sensor of said first and second pairs of sensors
being constructed to generate a binary output of a
level dependent upon whether the sensor senses a
distance greater or less than a predetermined value;
and

said circuit means being constructed to generate a
success indicating signal when both sensors of one
pair have first binary outputs indicating sensed
distances greater than the predetermined values for
those sensors, while both sensors of the other pair
have second binary outputs indicating sensed dis-
tances less than the predetermined values for those
Sensors.

3. In a guidance system for orienting a first element in
rotation about yaw and pitch axes with respect to a
second element, the improvement of apparatus for de-
tecting the relative rotational positions of the elements,
comprising:

a pair of distance measuring sensors located on one of

said elements, on either side of said yaw axis;

a third distance measuring sensor located substan-
tially along said yaw axis, as viewed along a roll
axis extending between said elements; and

circuit means responsive to said sensors for generat-
ing a yaw indicating signal dependent upon the
difference in the distances measured by said pair of
sensors, and a pitch indicating signal dependent
upon the difference between the average distance
measured by said pair of sensors and the distance
measured by said third sensor.

4. In a guidance system for orienting one element in
rotation about yaw and pitch axes that each extend
perpendicular to a roll axis, with respect to another
element, the improvement of apparatus for detecting
the relative rotational positions of the elements about
said yaw and pitch axes, comprising:




4,260,187

9

at least three distance measuring sensors angularly
spaced about said roll axis of a first of said ele-
ments, each including a light emitter and a light
sensor;

a plurality of light reflecting pads of predetermined
width and length spaced about a predetermined
roll axis of a second element, for directing some
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10
light received from a light emitting device back
towards the device; and
circuit means located on said first element and re-
sponsive to said sensors for generating yaw and
pitch indicating signals dependent upon the differ-
ences in the distances measured by said sensors,
when said sensors detect light reflected from said
pads.
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