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(57) ABSTRACT

A framework comprises a laser distance meter (LDM),
reflector, and excavator comprising a chassis, linkage
assembly (LA), boom and stick sensors, implement, and
control architecture. The LA comprises a boom and stick
defining LA positions. The LDM is configured to generate a
D, pasand 0, between the LDM and the reflector at a node,
and the control architecture comprises actuator(s) and a
controller programmed to execute at successive LA posi-
tions an iterative process (comprises generating 6, gener-
ating O, and calculating a height H and a distance D
between the node and the LDM based on D, ,,,, and 0,),
build a set of H, D measurements and a corresponding set of
05, 05 for n LA positions, and execute a linear least squares
optimization process based on the H, D set and correspond-
ing set of 05, 0 to determine and operate the excavator using
LB; Ls; eBBias, and eSBias.
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EXCAVATOR LIMB LENGTH AND OFFSET
ANGLE DETERMINATION USING A LASER
DISTANCE METER

BACKGROUND

The present disclosure relates to excavators which, for the
purposes of defining and describing the scope of the present
application, comprise an excavator boom and an excavator
stick subject to swing and curl, and an excavating implement
that is subject to swing and curl control with the aid of the
excavator boom and excavator stick, or other similar com-
ponents for executing swing and curl movement. For
example, and not by way of limitation, many types of
excavators comprise a hydraulically or pneumatically or
electrically controlled excavating implement that can be
manipulated by controlling the swing and curl functions of
an excavating linkage assembly of the excavator. Excavator
technology is, for example, well represented by the disclo-
sures of U.S. Pat. No. 8,689,471, which is assigned to
Caterpillar Trimble Control Technologies LL.C and discloses
methodology for sensor-based automatic control of an exca-
vator, US 2008/0047170, which is assigned to Caterpillar
Trimble Control Technologies LLC and discloses an exca-
vator 3D laser system and radio positioning guidance system
configured to guide a cutting edge of an excavator bucket
with high vertical accuracy, and US 2008/0000111, which is
assigned to Caterpillar Trimble Control Technologies LLC
and discloses methodology for an excavator control system
to determine an orientation of an excavator sitting on a
sloped site, for example.

BRIEF SUMMARY

According to the subject matter of the present disclosure,
an excavator calibration framework comprising an excava-
tor, a laser distance meter (LDM), and a laser reflector. The
excavator comprises a machine chassis, an excavating link-
age assembly, a boom dynamic sensor, a stick dynamic
sensor, an excavating implement, and control architecture.
The excavating linkage assembly comprises an excavator
boom and an excavator stick that collectively define a
plurality of linkage assembly positions. The boom dynamic
sensor is positioned on the excavator boom and the stick
dynamic sensor is positioned on the excavator stick. The
excavating linkage assembly is configured to swing with, or
relative to, the machine chassis. The excavator stick is
configured to curl relative to the excavator boom. The
excavating implement is mechanically coupled to the exca-
vator stick. The LDM is configured to generate an LDM
distance signal D, ,,,, indicative of a distance between the
LDM and the laser reflector and an angle of inclination 6~
indicative of an angle between the LDM and the laser
reflector. The laser reflector is configured to be disposed at
a position corresponding to a calibration node on the exca-
vator stick, and the control architecture comprises one or
more linkage assembly actuators and an architecture con-
troller programmed to execute an iterative process at suc-
cessive linkage assembly positions. The iterative process
comprises generating a boom measured angle 65 from the
boom dynamic sensor, generating a stick measured angle 0
from the stick dynamic sensor, and calculating a height H
and a distance D between the calibration node and the LDM
based on the LDM distance signal D, ,,, and angle of
inclination 8. The architecture controller is further pro-
grammed to build a set of height H and distance D mea-
surements and a corresponding set of boom measured angles
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05 and stick measured angles 0 for n linkage assembly
positions, execute an optimization process comprising a
linear least squares optimization based on the set of height
H and distance D measurements and the corresponding set
of boom measured angles 65 and stick measured angles 0
to determine a boom limb length L, a stick limb length L,
a boom offset angle 06,7, and a stick offset angle 6.7,
and operate the excavator using L, L, 0,7, and 0.5,

In accordance with one embodiment of the present dis-
closure, an excavator calibration framework comprising an
excavator, a laser distance meter (LDM), and a laser reflec-
tor. The excavator comprises a machine chassis, an exca-
vating linkage assembly, a boom dynamic sensor, a stick
dynamic sensor, an excavating implement, and control
architecture. The excavating linkage assembly comprises an
excavator boom and an excavator stick that collectively
define a plurality of linkage assembly positions. The boom
dynamic sensor is positioned on the excavator boom and the
stick dynamic sensor is positioned on the excavator stick.
The excavating linkage assembly is configured to swing
with, or relative to, the machine chassis. The excavator stick
is configured to curl relative to the excavator boom. The
excavating implement is mechanically coupled to the exca-
vator stick. The LDM 1is configured to generate an LDM
distance signal D, ,,,, indicative of a distance between the
LDM and the laser reflector and an angle of inclination 6~
indicative of an angle between the LDM and the laser
reflector. The laser reflector is configured to be disposed at
a position corresponding to a calibration node of the exca-
vator stick, the calibration node is at a terminal point G of
the excavator stick at an end of the excavator stick mechani-
cally coupled to the excavating implement, and the laser
reflector disposed at the terminal point G. The control
architecture comprises one or more linkage assembly actua-
tors and an architecture controller programmed to execute an
iterative process at successive linkage assembly positions.
The iterative process comprises generating a boom mea-
sured angle 6 from the boom dynamic sensor, generating a
stick measured angle 0 from the stick dynamic sensor, and
calculating a height H and a distance D between the cali-
bration node and the LDM based on the LDM distance
signal D, ,,,,and angle of inclination 6. The architecture
controller is further programmed to build a set of height H
and distance D measurements and a corresponding set of
boom measured angles 6 and stick measured angles 6 for
n linkage assembly positions, execute an optimization pro-
cess comprising a linear least squares optimization based on
the set of height H and distance D measurements and the
corresponding set of boom measured angles 05 and stick
measured angles 0 to determine a boom limb length L5, a
stick limb length L, a boom offset angle 6,%°*, and a stick
offset angle 6,7, and operate the excavator using Ly, Ly,
0,7, 0.7 The linear least squares optimization com-
prises a following optimization equation:

P=x"x)"'xTy

where P comprises a vector comprising a set of constants
that are a function of at least one of L, Lg, 06,5, 8.5, X
comprises a vector based on the corresponding set of boom
measured angles 0 and stick measured angles 6, and Y
comprises a vector based on the set of height H and distance
D measurements.

Although the concepts of the present disclosure are
described herein with primary reference to the excavator
illustrated in FIG. 1, it is contemplated that the concepts will
enjoy applicability to any type of excavator, regardless of its
particular mechanical configuration. For example, and not
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by way of limitation, the concepts may enjoy applicability to
a backhoe loader including a backhoe linkage.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The following detailed description of specific embodi-
ments of the present disclosure can be best understood when
read in conjunction with the following drawings, where like
structure is indicated with like reference numerals and in
which:

FIG. 1 illustrates an excavator incorporating aspects of
the present disclosure;

FIG. 2 is a side view of an excavator incorporating aspects
of the present disclosure;

FIG. 3 is an isometric view of a dynamic sensor, which
can be disposed on a linkage of the excavator of FIG. 2;

FIG. 4 is a side elevation view of a linkage assembly of
the excavator of FIG. 2;

FIG. 5 is a side view of another excavator incorporating
aspects of the present disclosure; and

FIG. 6 is a flow chart illustrating an optimization process
that may be used in a calibration routine to determine
excavator limb lengths and sensor offset angles according to
aspects of the present disclosure.

DETAILED DESCRIPTION

The present disclosure relates to earthmoving machines
and, more particularly, to earthmoving machines such as
excavators including components subject to adaptive con-
trol. For example, and not by way of limitation, many types
of excavators typically have a hydraulically controlled earth-
moving implement that can be manipulated by a joystick or
other means in an operator control station of the machine,
and is also subject to partially or fully automated adaptive
control. The user of the machine may control the lift, tilt,
angle, and pitch of the implement. In addition, one or more
of these variables may also be subject to partially or fully
automated control based on information sensed or received
by an adaptive environmental sensor of the machine. In the
embodiments described herein, an excavator calibration
framework utilizes a laser distance meter to determine limb
lengths of excavator limb components and sensor offsets of
sensors disposed on those respective limbs, as described in
greater detail further below. Such determined values may be
utilized by an excavator control to operate the excavator.

Referring initially to FIGS. 1-2 and 5, an excavator
calibration framework comprises an excavator 100, 150, a
laser distance meter (LDM) 124, and a laser reflector 130.
The excavator 100, comprises a machine chassis 102, 152,
an excavating linkage assembly 104, 154, a boom dynamic
sensor 120, a stick dynamic sensor 122, an excavating
implement 114, 164, and control architecture 106, 156. The
excavating linkage assembly 104, 154 comprises an exca-
vator boom 108, 158 and an excavator stick 110, 160 that
collectively define a plurality of linkage assembly positions.
The boom dynamic sensor 120 is positioned on the exca-
vator boom 108 and the stick dynamic sensor 122 is posi-
tioned on the excavator stick 110. In an embodiment, the
boom dynamic sensor 120 may be positioned on the exca-
vator boom 158 and the stick dynamic sensor 122 may be
positioned on the excavator stick 160.

The excavator boom 158 of FIG. 5 differs from the
excavator boom 108 of FIG. 1 in that the excavator boom
158 comprises a two-piece, variable-angle (VA) excavator
boom, as will be described in greater detail below. While the
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excavator 100 will be referenced herein, it should be under-
stood that the embodiments described below also apply to
the excavator 150.

In embodiments, and referring to FIG. 3, the dynamic
sensor 120, 122 comprises an inertial measurement unit
(IMU), an inclinometer, an accelerometer, a gyroscope, an
angular rate sensor, a rotary position sensor, a position
sensing cylinder, or combinations thereof. For example, the
dynamic sensor 120, 122 may comprise an IMU comprising
a 3-axis accelerometer and a 3-axis gyroscope. As shown in
FIG. 3, the dynamic sensor 120, 122 includes accelerations
A, A, and A, respectively representing x-axis, y-axis-, and
z-axis acceleration values.

The excavating linkage assembly 104 may be configured
to define a linkage assembly heading N and to swing with,
or relative to, the machine chassis 102 about a swing axis S
of the excavator 100. The excavator stick 110 is configured
to curl relative to the excavator boom 108. For example, the
excavator stick 110 may be configured to curl relative to the
excavator boom 108 about a curl axis C of the excavator
100. The excavator boom 108 and excavator stick 110 of the
excavator 100 illustrated in FIG. 1 are linked by a simple
mechanical coupling that permits movement of the excava-
tor stick 110 in one degree of rotational freedom relative to
the excavator boom 108. In these types of excavators, the
linkage assembly heading N will correspond to the heading
of the excavator boom 108. However, the present disclosure
also contemplates the use of excavators equipped with offset
booms where the excavator boom 108 and excavator stick
110 are linked by a multidirectional coupling that permits
movement in more than one rotational degree of freedom.
See, for example, the excavator illustrated in U.S. Pat. No.
7,869,923 (“Slewing Controller, Slewing Control Method,
and Construction Machine”). In the case of an excavator
with an offset boom, the linkage assembly heading N will
correspond to the heading of the excavator stick 110.

The excavating implement 114 is mechanically coupled to
the excavator stick 110. For example, referring to FIG. 1, the
excavating implement 114 is mechanically coupled to the
excavator stick 110 through an implement coupling 112.
Further, referring to FIG. 5, the excavating implement 154
is mechanically coupled to the excavator stick 160 through
an implement coupling 162, which comprises a four-bar
linkage comprising points F, H, D, and terminal point G. The
excavating implement 154 may further comprise a terminal
tooth point J and a terminal rear end point Q.

The excavating implement 114 may be mechanically
coupled to the excavator stick 110 via the implement cou-
pling 112 and configured to rotate about a rotary axis R. In
an embodiment, the rotary axis R may be defined by the
implement coupling 112 joining the excavator stick 110 and
the rotary excavating implement 114. In an alternative
embodiment, the rotary axis R may be defined by a multi-
directional, stick coupling joining the excavator boom 108
and the excavator stick 110 along the plane P such that the
excavator stick 110 is configured to rotate about the rotary
axis R. Rotation of the excavator stick 110 about the rotary
axis R defined by the stick coupling may result in a corre-
sponding rotation of the rotary excavating implement 114,
which is coupled to the excavator stick 110, about the rotary
axis R defined by the stick coupling.

As illustrated in FIGS. 2 and 4, the LDM 124 is config-
ured to generate an LDM distance signal D, ,,, . indicative of
a distance between the LDM 124 and the laser reflector 130
and an angle of inclination 0, indicative of an angle
between the LDM 124 and the laser reflector 130 relative to
horizontal. The laser reflector 130 is configured to be
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disposed at a position corresponding to a calibration node
128 on the excavator stick 110. In an embodiment, the laser
reflector 130 is disposed on a pole. The pole may be secured
to the excavator stick 110. Alternatively, the laser reflector
130 is secured directly to excavator stick 110. In a further
embodiment, the calibration node 128 is at a terminal point
G of the excavator stick 110 at an end of the excavator stick
110 mechanically coupled to the excavator implement 114.
The laser reflector 130 may be additionally disposed at the
terminal point G. The LDM 124 may be, for example, a
Bosch GLM 100C LDM as made commercially available by
Robert Bosch GmbH of Germany. A laser signal from the
LDM 124 may be transmitted in a direction of an arrow 132
to the calibration node 128 and the laser reflector 130, and
the laser signal may be reflected back to the LDM 124 in the
direction of an arrow 134, as illustrated in FIG. 2.

The control architecture 106 comprises one or more
linkage assembly actuators and an architecture controller
programmed execute an iterative process at successive link-
age assembly positions. The control architecture 106 may
comprise a non-transitory computer-readable storage
medium comprising machine readable instructions. The one
or more linkage assembly actuators facilitate movement of
the excavating linkage assembly 104. The one or more
linkage assembly actuators comprise a hydraulic cylinder
actuator, a pneumatic cylinder actuator, an electrical actua-
tor, a mechanical actuator, or combinations thereof.

As shown in a control scheme 200 of FIG. 6, the iterative
process comprises generating a boom measured angle 0,
from the boom dynamic sensor 120, generating a stick
measured angle 0 from the stick dynamic sensor 122, and
calculating a height H and a distance D between the cali-
bration node 128 and the LDM 124 based on the LDM
distance signal D, ,, and angle of inclination 6,,.. For
example, in step 202, n=1 as a starting point with respect to
the iterative process. In step 204, the excavator boom 108
and the excavator stick 110 are positioned at a position such
that, in step 206, a set of sensor data is read at the position,
which data includes at least corresponding boom and stick
measured angles 0 , 05 as described in greater detail below.
Further, in step 208, values from the LDM 124 are read by,
for example, the controller, including, for example, the LDM
distance signal D, ,,, and angle of inclination 6.

The architecture controller is further programmed to (1)
build a set of height H and distance D measurements and a
corresponding set of boom measured angles 0, and stick
measured angles 05 for n linkage assembly positions, (2)
execute an optimization process comprising a linear least
squares optimization based on the set of height H and
distance D measurements and the corresponding set of boom
measured angles 05 and stick measured angles 6 to deter-
mine a boom limb length Iz, a stick limb length I, a boom
offset angle 6,%*, and a stick offset angle 6.5, and (3)
operate the excavator using Ly, Lg, 0,7, and 0,5*. For
example, the boom limb length L, is a limb length of the
excavator boom 108, the stick limb length I is a limb length
of the excavator stick 110, the boom offset angle 8,7 is an
angle of the boom dynamic sensor 120 with respect to an
axis between a terminal point A and a terminal point B, and
the stick offset angle 6.5°** is an angle of the stick dynamic
sensor 122 with respect to an axis between the terminal point
B and the terminal point G. In embodiments, the boom
measured angle 0z represents an angle of the excavator
boom 108 relative to vertical and the stick measured angle
0 represents an angle of the excavator stick 110 relative to
vertical.
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For example, referring to FIGS. 4-6, in step 210, the
measurements of height H and distance D between the
calibration node 128 and the LDM 124 are determined. If n
as an iterative process step is not greater than an iterative
threshold in step 212, then the iterative process repeats
through steps 204-212. Otherwise, if n is greater than the
iterative threshold in step 212, the control scheme 200
continues on to step 216 to determine limb length and sensor
offset values through an optimization, as described in greater
detail further below. In step 218, the excavator 100 is
operated based on the determined values of step 216.

In embodiments, with respect to n linkage assembly
positions, n is less than 20. For example, n=8. Further, the
iterative process may comprise inputting a value for n that
is configured to be manually modified or input by a user, or
the iterative process comprises a pre -determined value for
n.

The optimization process of step 216 may be executed
using the height H and distance D measurements and the
corresponding set of boom measured angles 05 and stick
measured angles 0 for n-1 linkage assembly positions. In
embodiments, the optimization process comprises a valida-
tion routine using height H and distance D measurements
and corresponding boom and stick measured angles 0 , 05
for a remaining linkage assembly position of the n linkage
assembly positions. Additionally or alternatively, the opti-
mization process comprises displaying a progress bar on a
graphical user interface of the excavator calibration frame-
work configured to display a change in a preceding last three
estimations for at least one of L, L, 0,5, 0.5, For
example, the progress bar displays a change in a preceding
last three estimations of L.

In embodiments, the optimization process is executed
using the height H and distance D measurements and the
corresponding set of boom measured angles 05 and stick
measured angles 0 for n-1 linkage assembly positions.

In an embodiment, the linear least squares optimization
comprises a following optimization equation:

P=x"x)"'xTy (Equation 1)

Equation 1 is a linear-in-lhe-parameters optimization
equation, which may use a pscudoinversc function on P=
XYY . Further, P comprises a vector comprising a set of
constants that are a function of at least one of L, L, and
0.5 X comprises a vector based on the corresponding set
of boom measured angles 6 and stick measured angles 0,
and Y comprises a vector based on the set of height H and
distance D measurements. Further, for N linkage assembly
positions ending at a linkage assembly position i,

P =[Py, Py, P3, P4], (Equation 2)
HY — ML NG (Equation 3)
COS(OBM;) _ 008(01’:11... Nm‘)) (Equation 4)
sinfgy") — sin(gy - V)
cos(65'7) - cos(Bs - V#)
sinf0") — sinfgg - V)
= sin(g1) = sin(gy - V)
—cos(@41)+ cos(tly 1+ V)
sin6") = sin(gg 1 V)
—cos(B") + cos(e 1 V)
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Further, for each of P,-P,:

P, =Lpcos(0;5), (Equation 5)

P,=Lgsin(0,5%), (Equation 6)

P3=L¢cos(05%), and (Equation 7)

P,=Lgsin(05). (Equation 8)

The above equations are configured to be rearranged into
the following equations to solve for Ly, L, 6,°, and
eSBias:

079 =tan"{(P,/P,), (Equation 9)

0 Bias=tan~(P,/P,), (Equation 10)

Lp=P,/cos(055), and (Equation 11)

Ls=Py/cos(05). (Equation 12)

In an embodiment, the excavator boom comprises a
variable-angle (VA) excavator boom. For example, referring
to FIG. 5, where the excavating linkage assembly 154
comprises a variable-angle (VA) excavator boom 158, a VA
boom dynamic sensor may be positioned on the VA exca-
vator boom 158. Further, the iterative process may comprise
generating a VA boom measured angle from the VA boom
dynamic sensor. Further, the optimization may comprise
parameters directed toward the VA excavator boom 158 to
determine a VA boom limb length L, and a VA boom offset
angle 0,57,

For example, with respect to Equation 1 above for the
excavator 150 including the VA excavator boom 158, P
comprises a vector comprising a set of constants that are a
function of at least one of L, Lg, L,, 0,5, 6.5 and
0,7, X comprises a vector based on the corresponding set
of boom measured angles 6 and stick measured angles 6
and VA boom measured angles 0, and Y comprises a vector
based on the set of height H and distance D measurements.
Further, Equations 2 and 4 change to the following equa-
tions:

P=[Py, P, P3, P4, Ps, Ps], and (Equation 13)

cos(e,’,f’f) _ 008(01’:11... N(#i)) (Equation 14)
sin03) - sin(g " V)
cos(e’sw") _ COS(O’SWL.. N(#i))
sm(e’sw") _ sin(eiswl"' Nm‘))
008(0‘/51;) _ 008(0"71... N(#i))
sin0"1) — sin(6y " V)
X= sin(ol) = siafel M)
—cos(B1) + cos(tly 1 V)
sin(03") — sin(gg "+ V)
—cos(By") + cos(e 1+ V)
sin(0y1) — sin(gy -+ V)
—cos(B)/7) + cos(el, 1+ V)

With respect to new equation 13, equations 5-8 above still
apply for P, -P, as well as the below new equations for P;-P:

Ps=Lcos(0,7), and

Pg=Lysin(0,7%%),

(Equation 15)

(Equation 16)

—
w
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Equations 15-16 are further configured to be rearranged
into the following equations to solve for L, and 6,7

6,7 ~tan™! (P¢/Ps), and (Equation 17)

L=Ps/cos(0,7). (Equation 18)

In embodiments, and with reference to FIG. 4, the height
H and the distance D measurements between the calibration
node 128 and the LDM 124 follow:

H=Dy ppsin(On¢), and (Equation 19)

D=Dy 1,,,08(0,50). (Equation 20)

Further, a sum of a height H, of the LDM 124 from a
terminal point A of the excavator boom 108 and the height
H between the calibration node 128 and the LDM 124 is
equal to an equation including a boom actual angle 0,4
and a stick actual angle 0,%“““’ such that

Hy+H=L pcos(051 a4 [ cos(Ogtealy,

Further, a sum of a distance D, of the LDM from a
terminal point A of the excavator boom and the distance D
between the calibration node 128 and the LDM 124 is equal
to an equation including 0,4 and 0 *°*“’ such that

(Equation 21)

Do+D=L psin(051“) 1 L sin(@ g7 ah), (Equation 22)

Additionally, the boom measured angle 65 is equal to
0 Lemal 9,57 guch that

sin(0z4al=sin(0,,~0,2%%) and cos(0y4™ 4 \=cos

(05-0557%). (Equation 23)

Further, the stick measured angle 8 is equal to 0 Jetmal y
0.5 such that

sin(@g7 ™) =sin(0,5-07%*) and cos(0¢*™y=cos (05—

0,575), (Equation 24)

Through use of a trigonometric identity:

sin(0 1) =sin (0 -0 y*)=cos(07*)sin(6 x)-sin
(0,57%)c08(0,)=K | 48in(0 y)-K;,c0s(0 ), and (Equation 25)
c08(0 14 )=cos(0 0,77 )=cos(077%*)cos(0 ) +sin
(657%°)sin(0)=K | xc08(0.)+K 1510(B ).
In the above equations, 0, is one of 6 and 65 (or 6, as
described in greater detail below) such that X is a respective
one of B and S (or V), and

(Equation 26)

K y=c08(0,7%) and K, y=sin(0,7). (Equation 27)

For example, with respect to 0,2,

sin(SBA"“_"l):sin(SB—SBBi"S):cos(SBBi"S)sin(SB)—sin
(05%)cos(6p)=K | psin(05)-K,c05(0p),

Where

(Equation 28)

K 5=c0s(055%) and K, z=sin(0;7*), and (Equation 29)

cos(05 14 )=cos(05-0577°)=cos(0 557 cos(0)+sin

(057%%)sin(05)=K 1 5c08(85) +Ko551(65). (Equation 30)

Actual
0y ,

Additionally, with respect to

sin(0g7™ ) =sin(0,-05%%)=cos (0, s7**)sin(Bg)-sin
(0557)cos(05)=K | 55in(05)-K55c08(05), (Equation 31)

where

K g=cos(0%*) and K,s=sin(055%), and (Equation 32)

cos(051 el =c0s(0-0,5%)=cos(0,57*)cos(0 g)+sin

(057%)sin(85) =K 5c08 (O 5)+K o550 (0). (Equation 33)



US 9,995,016 B1

9

Thus, from equations 21-22, respectfully, and the above
trigonometric identity based equations,
Hy+H=LgK | pc0s(05)+L K> psin(0 p)+L K scos(05)+
LgK,ssin(65), and (Equation 34)
Dy+D=LgK | psin(0p)-LK,5c0s(05)+LsK ¢sin(0g)—

LgK,sc08(65). (Equation 35)

Further, a set of solvable constants P, P,, P;, and P, are
defined as follows:

P,=LpK 3, (Equation 36)
>=LpK>p, quation
Py=LpK: E ion 37
3=LsK g, ani quation
P3=LK d E ion 38
P,=LK>s. (Equation 39)

to form a first position equation set:
Hy+H=Pcos(03)+P5sin(0z)+P3cos(05)+P,sin(0),
and Dy+D=P sin(0)—P,c0s(0)+P;sin(0)—
P,cos(0g). (First Position Equation Set)
The iterative process may further comprise finding, for
each linkage assembly position, a second position equation
set comprising vectors:
Ho+HMeesred=[P, P,, P3, Py][cos(8p), sin(0p),
cos(6y), sin(0)]%, and Dy+DMeasured=
[P, Py, P3, Py][sin(0p), -cos(0p),
sin(@), —cos(0g)]%. (Second Position Equation Set)
The iterative process may further comprise combining at
least two sets of data in the second position equation set and
subtracting to remove H, and D, define a third position
equation set upon which the linear least squares optimization
is used to solve for [P, P,, P;, P,]:

(Third Position Equation Set)

cos(@?" ) - cos(OM : N(i‘.))
sin(@é’l" ) - sin(OMl”' Nm))

HMi — gML. NG = [Py, Py, P3, P4] o |sand
cos(@’swi ) - cos(@ Lo N(i‘))
sin(@’swi ) - sin(OMl”' Nm))

sin(@é’l") - sin(@?l”' N(i‘.))
—cos(@é’l") + cos(@?l”' N(i‘.))
sin(@’swi) - sin(@lswl"' N(i‘.))

—cos(@’swi) + cos(@lswl"' N(i‘.))

DMi — DML N&i) = [Py, Py, P3, P4]

In an embodiment in which the excavator comprises a VA
excavator boom, the above equations would include asso-
ciated VA boom parameters as set forth below:

Ho+H=L pcos(051 N4 cos(057 Nt L yeos

(,#1cmaly (Equation 40)

Do+D=L psin(0514)) 1 L sin(0 57+ L ysin
(9 VActual),

Additionally, these equations would further be defined,
including the associated parameters, as set forth below:

(Equation 41)

Hy+H=LzK | 5c08(05)+L 5K, psin(0 p)+L K| cos(0)+
LKossin(0s)+L K <08(07)+L K5 psin(0;), and  (Equation 42)

Do+D=LpK, psin(0p)-LpK;5c0s(6 p)+L K ssin(05)—

LK55c08(05)+L K | psin(0y,)-L K, 1c08(0y). (Equation 43)
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Further, in an embodiment in which the VA excavator
boom is included, the equation would include associated
parameters as set forth below:

Ps=L,K,;» and (Equation 44)

Pe=L K5y, (Equation 45)

Thus, the following first position equation set may be
formed:

Hy+H=Pcos(03)+P5sin(03)+P3c0s(05)+P,sin(05)+
P5cos(0)+Pgsin(0y,), and Dy+D=P sin(0z)-
P5cos(0p)+P3sin(05)—P,c0s(05)+P5sin(04,)—

Pgcos(0y). (First VA Position Equation Set)

The iterative process would comprise finding, for each

linkage assembly position, a second position equation set
comprising vectors:

Hy+HMeoswed=[P, P, P3, Py, Ps, Pg][cos(0p), sin(65),
cos(0g), sin(B), cos(0y), sin(0;)]%, and Dy+
DMmsumd:[Plx Py, P3, Py Ps, Pg[sin(0p),
—cos(6), sin(By), —cos(6y),

sin(0y), —cos(@)]7. (Second VA Position Equation Set)

The iterative process would further comprise combining
at least two sets of data in the second position equation set
and subtracting to remove H, and D, define a third position
equation set upon which the linear least squares optimization
is used to solve for [P, P,, P;, P,, P, Pg]:

(Third VA Position Equation Set)

cos(@é’l") - cos(OMl”' N#"))
sin(@?i) - sin(OMl”' N(ﬂ))
cos(@évl") - cos(OMl”' N#"))
HM; _HM1... NG = [Py, P2, P3, P4, Ps, Ps] " .
sin(@’swi) - sin(@ L. N#‘))
cos(@t"') - cos(OMl”' N#"))
sin(@%) - sin(OMl”' N(ﬂ))

and

pMi — pML. NED =

sin03) - sin(gy " V)
—cos(gy) +cos(gy - V)
sin0§"1) - sin(g " V)
—cos(64) + cos(gs ™ V) |
sin0"1) - sin(gy " V)

—cos(@’vw") + 005(0341"' N(i‘.))

[Py, Py, P3, P4, Ps, Ps]

It is contemplated that the embodiments of the present
disclosure may assist to permit a speedy and more cost
efficient method of determining limb lengths and sensor
offsets of sensors on excavator limbs in a manner that
minimizes a risk of human error with such value determi-
nations. Further, a quick linear-in-the-parameters optimiza-
tion as described herein allows for a speedier optimization
than a non-linear optimization would allow, and the con-
troller of the excavator or other control technologies are
improved such that the processing systems are improved
with respect to speed, efficiency, and output.
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A signal may be “generated” by direct or indirect calculation
or measurement, with or without the aid of a sensor.

For the purposes of describing and defining the present
invention, it is noted that reference herein to a variable being
a “function” of (or “based on”) a parameter or another
variable is not intended to denote that the variable is
exclusively a function of or based on the listed parameter or
variable. Rather, reference herein to a variable that is a
“function” of or “based on” a listed parameter is intended to
be open ended such that the variable may be a function of (or
based on) a single parameter or a plurality of parameters.

It is also noted that recitations herein of “at least one”
component, element, etc., should not be used to create an
inference that the alternative use of the articles “a” or “an”
should be limited to a single component, element, etc.

It is noted that recitations herein of a component of the
present disclosure being “configured” or “programmed” in a
particular way, to embody a particular property, or to func-
tion in a particular manner, are structural recitations, as
opposed to recitations of intended use. More specifically, the
references herein to the manner in which a component is
“configured” or “programmed” denotes an existing physical
condition of the component and, as such, is to be taken as a
definite recitation of the structural characteristics of the
component.

It is noted that terms like “preferably,” “commonly,” and
“typically,” when utilized herein, are not utilized to limit the
scope of the claimed invention or to imply that certain
features are critical, essential, or even important to the
structure or function of the claimed invention. Rather, these
terms are merely intended to identify particular aspects of an
embodiment of the present disclosure or to emphasize
alternative or additional features that may or may not be
utilized in a particular embodiment of the present disclosure.

For the purposes of describing and defining the present
invention it is noted that the terms “substantially” and
“approximately” are utilized herein to represent the inherent
degree of uncertainty that may be attributed to any quanti-
tative comparison, value, measurement, or other represen-
tation. The terms “substantially” and “approximately” are
also utilized herein to represent the degree by which a
quantitative representation may vary from a stated reference
without resulting in a change in the basic function of the
subject matter at issue.

Having described the subject matter of the present dis-
closure in detail and by reference to specific embodiments
thereof, it is noted that the various details disclosed herein
should not be taken to imply that these details relate to
elements that are essential components of the various
embodiments described herein, even in cases where a par-
ticular element is illustrated in each of the drawings that
accompany the present description. Further, it will be appar-
ent that modifications and variations are possible without
departing from the scope of the present disclosure, includ-
ing, but not limited to, embodiments defined in the appended
claims. More specifically, although some aspects of the
present disclosure are identified herein as preferred or par-
ticularly advantageous, it is contemplated that the present
disclosure is not necessarily limited to these aspects.

It is noted that one or more of the following claims utilize
the term “wherein” as a transitional phrase. For the purposes
of defining the present invention, it is noted that this term is
introduced in the claims as an open-ended transitional
phrase that is used to introduce a recitation of a series of
characteristics of the structure and should be interpreted in
like manner as the more commonly used open-ended pre-
amble term “comprising.”
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What is claimed is:

1. An excavator calibration framework comprising an
excavator, a laser distance meter (LDM), and a laser reflec-
tor, wherein:

the excavator comprises a machine chassis, an excavating

linkage assembly, a boom dynamic sensor, a stick
dynamic sensor, an excavating implement, and control
architecture;

the excavating linkage assembly comprises an excavator

boom and an excavator stick that collectively define a
plurality of linkage assembly positions;

the boom dynamic sensor is positioned on the excavator

boom and the stick dynamic sensor is positioned on the
excavator stick;

the excavating linkage assembly is configured to swing

with, or relative to, the machine chassis;

the excavator stick is configured to curl relative to the

excavator boom;

the excavating implement is mechanically coupled to the

excavator stick;

the LDM is configured to generate an LDM distance

signal D; ,,,,indicative of a distance between the LDM
and the laser reflector and an angle of inclination 0,
indicative of an angle between the LDM and the laser
reflector;

the laser reflector is configured to be disposed at a position

corresponding to a calibration node on the excavator
stick; and

the control architecture comprises one or more linkage

assembly actuators and an architecture controller pro-

grammed to execute an iterative process at successive

linkage assembly positions, the iterative process com-

prising

generating a boom measured angle 6 from the boom
dynamic sensor,

generating a stick measured angle 0 from the stick
dynamic sensor, and

calculating a height H and a distance D between the
calibration node and the LDM based on the LDM
distance signal D, ,,,, and angle of inclination 0,
and

the architecture controller is further programmed to

build a set of height H and distance D measurements
and a corresponding set of boom measured angles 6
and stick measured angles 0 for n linkage assembly
positions,

execute an optimization process comprising a linear
least squares optimization based on the set of height
H and distance D measurements and the correspond-
ing set of boom measured angles 05 and stick mea-
sured angles 0 to determine a boom limb length [,
a stick limb length Lg, a boom offset angle 055,
and a stick offset angle 6,5, and

operate the excavator using L, Lg, 0,7, and 6.5

2. An excavator calibration framework as claimed in
claim 1, wherein the linear least squares optimization com-
prises a following optimization equation:

P=(X"X)"'xTy
where P comprises a vector comprising a set of constants
that are a function of at least one of L, L, 0,5, and 6, .7,
X comprises a vector based on the corresponding set of
boom measured angles 0 and stick measured angles 0, and
Y comprises a vector based on the set of height H and
distance D measurements.

3. An excavator calibration framework as claimed in
claim 2, wherein
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for N linkage assembly positions ending at a linkage assem-
bly position i,

P =[Py, Py, P35, P4],

HMi — ML N
cos(e,’;’f) B 008(01/:11... N(#i))
sin(03") — sin(gy - V)
cos(e’sw") B COS(OISWL.. N(#i))
sin(e’sw") _ sm(eiswl“' Nm‘))
X= sm(e,’;’f) B Sm(egll... Nm‘))
—cos(8}) +cos(gy - V)
sin0§"1) - sin(g " V)
~cos(85'F) + cos(gg - V)

4. An excavator calibration framework as claimed in
claim 2, wherein

P, =Lycos(055),
Py=Lpsin(057%),
P3=L¢cos(05%), and

Py=Lgsin(05%),

which are configured to be rearranged into the following
equations to solve for L, L, 0,5, and 0 5%:

07 =tan™ (P/P)),
6% ~tan""(P,/P3),
Lp=P,/cos(0;5%%), and

Ls=Py/cos(05).

5. An excavator calibration framework as claimed in
claim 1, wherein:
the excavator boom comprises a variable-angle (VA)
excavator boom, and
a VA boom dynamic sensor is positioned onte VA exca-
vator boom.
6. An excavator calibration framework as claimed in
claim 5, wherein:
the iterative process further comprises generating a VA
boom measured angle from the VA boom dynamic
sensor; and
the optimization further comprises parameters directed
toward the VA excavator boom to determine a VA boom
limb length L, and a VA boom offset angle 6,7
7. An excavator calibration framework as claimed in
claim 6, wherein the linear least squares optimization com-
prises a following optimization equation:
P=(X"X)"'xTy
where:
P comprises a vector comprising a set of constants that are
a function of at least one of L, Lg, L, 6,5, 6.5,
and eVBias,
X comprises a vector based on the corresponding set of
boom measured angles 6z and stick measured angles 6
and VA boom measured angles 6, and
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Y comprises a vector based on the set of height H and
distance D measurements.
8. An excavator calibration framework as claimed in
claim 5, wherein, for N linkage assembly positions ending at
a linkage assembly position i,

P =[Py, Py, P3, Py, Ps, Ps],

HMi — ML NG

5

pMi = pMi.. NG

cos(e,”ff) _ 008(01/:11... Nm‘))
sinfg1) — sinfgy - V)
cos(OSM") _ COS(OISWL.. Nm‘))
sinfg") — sinfg - V)
008(0/‘51;) _ 008(0‘/511... Nm‘))
sin(e’y") _ Sm(ef‘t'l... Nm‘))
X= sm(eg’f) _Sm(egll... Nm‘))
—cos(gy") + cos(dy "+ V)
sinf6}11) - sin(gy " V)
—cos(85") + cos(gg 1+ V)
sinf0}/1) - sin(gy - V)
—cos(6)/F) + cos(y 1+ V)

9. An excavator calibration framework as claimed in
claim 5, wherein

P, =Lycos(055),
P,=Lysin(05%),
P3=Lscos(05%),
P,=Lgsin(07),
Ps=Lycos(0,7), and

Pg=Lysin(6,7),

which are configured to be rearranged into the following
equations to solve for L, Lg, L, 0,5, 0.5 and 0,7

07 =tan™}(P,/P)),
05 ~tan™ ! (Py/Ps),
8,7 **<tan™(P/Ps),
Lp=P /cos(0554%),
Lg=Py/cos(055%), and

L=Ps/cos(055%).

10. An excavator calibration framework as claimed in
claim 1, wherein the laser reflector is disposed on a pole.

11. An excavator calibration framework as claimed in
claim 1, wherein the laser reflector is secured directly to the
excavator stick.

12. An excavator calibration framework as claimed in
claim 1, wherein the calibration node is at a terminal point
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G of the excavator stick at an end of the excavator stick
mechanically coupled to the excavating implement.

13. An excavator calibration framework as claimed in
claim 12, wherein the laser reflector is disposed at the
terminal point G.

14. An excavator calibration framework as claimed in
claim 1, wherein the boom measured angle 0, represents an
angle of the excavator boom relative to vertical, and the stick
measured angle 0 represents an angle of the excavator stick
relative to vertical.

15. An excavator calibration framework as claimed in
claim 1, wherein at least one of the dynamic sensors
comprise an inertial measurement unit (IMU), an inclinom-
eter, an accelerometer, a gyroscope, an angular rate sensor,
a rotary position sensor, a position sensing cylinder, or
combinations thereof.

16. An excavator calibration framework as claimed in
claim 1, wherein at least one of the dynamic sensors
comprise an IMU comprising a 3-axis accelerometer and a
3-axis gyroscope.

17. An excavator calibration framework as claimed in
claim 1, wherein:

the optimization process is executed using the height H

and distance D measurements and the corresponding
set of boom measured angles 05 and stick measured
angles 0 for n—1 linkage assembly positions; and

the optimization process comprises a validation routine

using height H and distance D measurements and
corresponding boom and stick measured angles 6, 05
for a remaining linkage assembly position of the n
linkage assembly positions.

18. An excavator calibration framework as claimed in
claim 1, wherein:

the optimization process is executed using the height H

and distance D measurements and the corresponding
set of boom measured angles 05 and stick measured
angles 0 for n—1 linkage assembly positions; and

the optimization process comprises displaying a progress

bar on a graphical user interface of the excavator
calibration framework configured to display a change
in a preceding last three estimations for at least one of
LB; Lss eBBias, and eSBias.

19. An excavator calibration framework as claimed in
claim 18, wherein the progress bar displays a change in a
preceding last three estimations of L.

20. An excavator calibration framework comprising an
excavator, a laser distance meter (LDM), and a laser reflec-
tor, wherein:

the excavator comprises a machine chassis, an excavating

linkage assembly, a boom dynamic sensor, a stick
dynamic sensor, an excavating implement, and control
architecture;

the excavating linkage assembly comprises an excavator

boom and an excavator stick that collectively define a
plurality of linkage assembly positions;

the boom dynamic sensor is positioned on the excavator

boom and the stick dynamic sensor is positioned on the
excavator stick;
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the excavating linkage assembly is configured to swing
with, or relative to, the machine chassis;
the excavator stick is configured to curl relative to the
excavator boom;
the excavating implement is mechanically coupled to the
excavator stick;
the LDM is configured to generate an LDM distance
signal D; ,,,,indicative of a distance between the LDM
and the laser reflector and an angle of inclination 6 .~
indicative of an angle between the LDM and the laser
reflector;
the laser reflector is configured to be disposed at a position
corresponding to a calibration node of the excavator
stick, the calibration node is at a terminal point G of the
excavator stick at an end of the excavator stick
mechanically coupled to the excavating implement, and
the laser reflector disposed at the terminal point G; and
the control architecture comprises one or more linkage
assembly actuators and an architecture controller pro-
grammed to execute an iterative process at successive
linkage assembly positions, the iterative process com-
prising
generating a boom measured angle 0, from the boom
dynamic sensor,
generating a stick measured angle 0, from the stick
dynamic sensor, and
calculating a height H and a distance D between the
calibration node and the LDM based on the LDM
distance signal D; ,,, and angle of inclination 0;,;
and
the architecture controller is further programmed to
build a set of height H and distance D measurements
and a corresponding set of boom measured angles 6
and stick measured angles 0 for n linkage assembly
positions,
execute an optimization process comprising a linear
least squares optimization based on the set of height
H and distance D measurements and the correspond-
ing set of boom measured angles 05 and stick mea-
sured angles 0 to determine a boom limb length L,
a stick limb length L, a boom offset angle 8,7,
and a stick offset angle 6,5°*, and
operate the excavator using L, L, 6,7, and
and
the linear least squares optimization comprises a follow-
ing optimization equation:

Bias
047",

P=(X"X)"'xTy
where P comprises a vector comprising a set of constants
that are a function of at least one of L, L, 0,5, and 0.7,
X comprises a vector based on the corresponding set of
boom measured angles 0 and stick measured angles 0, and
Y comprises a vector based on the set of height H and
distance D measurements.

#* #* #* #* #*



