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EXCAVATOR FOUR-BAR LINKAGE
LENGTH AND ANGLE OFFSET
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.

BRIEF SUMMARY

According to the subject matter of the present disclosure,
an excavator calibration framework comprises an excavator,
a laser distance meter (LDM), and a laser reflector. The
excavator comprises a machine chassis, an excavating link-
age assembly, an implement dynamic sensor, an excavating
implement, and control architecture. The excavating linkage
assembly comprises an excavator boom, an excavator stick,
and a four-bar linkage. The excavating implement and the
excavator stick are mechanically coupled through the four-
bar linkage comprising an implement linkage of length GH,
a rear side linkage of length FH, a dogbone linkage of length
DF, and a front side linkage of length DG. The implement
dynamic sensor is positioned on the dogbone linkage of the
four-bar linkage. The excavating implement is configured to
curl relative to the excavator stick to define a plurality of
implement curl positions. The LDM is configured to gen-
erate an LDM distance signal D, ,,,, indicative of a distance
between the LDM and the laser reflector and an angle of
inclination signal 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 excavating implement. The control architecture
comprises one or more linkage assembly actuators and an
architecture controller programmed to execute an iterative
process at successive implement curl positions. The iterative
process comprises generating a measured dogbone angle
0, 7ewured of the dogbone linkage from the implement
dynamic sensor, determining a height H and a distance D
between the calibration node on the excavating implement
and the LDM based on the LDM distance signal D; ,,,, and
the angle of inclination signal 0,., and determining a
position of the calibration node at least partially based on the
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height H and the distance D. The iterative process further
comprises determining an estimated implement angle
075 mated of the excavating implement at least partially
based on the position of the calibration node, and generating
a mapping equation comprising linkage angle inputs,
unsolved linkage length parameters, and unsolved angle
offset parameters. The linkage angle inputs comprise the
measured dogbone angle 0,,,7°***? and the estimated
implement angle 0,%""“*? the implement curl position.
The unsolved linkage length parameters comprise the link-
age lengths GH, FH, DF, and DG of the four-bar linkage.
The unsolved angle offset parameters comprise an offset
dogbone angle 6,,.%"* of the dogbone linkage, and an offset
implement angle 6,,%"* of the excavating implement. The
architecture controller is further programmed to repeat the
iterative process for successive implement curl positions to
generate a set of m mapping equations, wherein the set of m
mapping equations comprises n unsolved linkage length and
unsolved angle offset parameters, and the iterative process is
repeated until m>n. The architecture controller is further
programmed to solve the generated set of m mapping
equations comprising the n unsolved parameters to deter-
mine the linkage lengths GH, FH, DF, and DG of the
four-bar linkage, the offset dogbone angle 6,,.%* of the
dogbone linkage, and the offset implement angle 8,,°'* of
the excavating implement, and operate the excavator using
the linkage lengths GH, FH, DF, and DG, the offset dogbone
angle 0,7, and the offset implement angle 0,,,,”'*

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
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. 1is a side view of an excavator incorporating aspects
of the present disclosure;

FIG. 2 is a perspective view of a dynamic sensor disposed
on a linkage of the excavator of FIG. 1 and according to
various concepts of the present disclosure;

FIG. 3 is a side elevation view of a linkage assembly of
an excavator calibration framework including a laser dis-
tance meter (LDM) and implement dimension points of an
excavating implement of the excavator of FIG. 1;

FIG. 4 is a side elevation view of a four-bar linkage
assembly of the excavator of FIG. 1, according to various
concepts of the present disclosure;

FIG. 5 is another side elevation view of the four-bar
linkage assembly of FIG. 4, according to various concepts of
the present disclosure; and

FIG. 6 is a flow chart of a process used to determine
four-bar linkage dimensions and angle offsets of the exca-
vator of FIG. 1.

DETAILED DESCRIPTION

The present disclosure relates to earthmoving machines
and, more particularly, to earthmoving machines such as
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excavators including components subject to control. 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 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
four-bar linkage lengths of excavator limb components and
related angle offsets, such as an angle offset of one or more
sensors disposed on those respective linkages, as described
in greater detail further below. Such determined values may
be utilized by an excavator control to operate the excavator.

Referring initially to FIG. 1, an excavator calibration
framework comprises an excavator 100, a laser distance
meter (LDM) 124, and a laser reflector 130. The excavator
100 comprises a machine chassis 102, an excavating linkage
assembly 104, an implement dynamic sensor 120, an exca-
vating implement 114, and control architecture 106. The
excavating linkage assembly 104 comprises an excavator
boom 108, an excavator stick 110, and a four-bar linkage
112. The excavating implement 114 and the excavator stick
110 are mechanically coupled through the four-bar linkage
112. In embodiments, the laser reflector 130 is on a pole or
secured directly to the excavating implement 114. The LDM
124 may be, for example, a Bosch GLM 100C LDM as made
commercially available by Robert Bosch GmbH of Ger-
many. A laser signal from the LDM 124, which is placed on
ground 126, may be transmitted in a direction of an arrow
132 to the calibration node and an aligned laser reflector,
such as, for example, 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. 1.

In embodiments, the implement dynamic sensor 120
comprises 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. The IMU may include a 3-axis accel-
erometer and a 3-axis gyroscope. As shown in FIG. 2, the
implement dynamic sensor 120 includes accelerations A,
A, and A, respectively representing x-axis, y-axis-, and
z-axis acceleration values.

The four-bar linkage 112 comprises an implement linkage
of length GH, a rear side linkage of length FH, a dogbone
linkage of length DF, and a front side linkage of length DG.
The implement dynamic sensor 120 is positioned on the
dogbone linkage of length DF of the four-bar linkage 112. In
embodiments, the four-bar linkage comprises a node D, a
node F, a node G, a node H. As a non-limiting example, the
implement linkage is disposed between respective positions
corresponding to the node G and the node H. The rear side
linkage is disposed between respective positions corre-
sponding to the node F and the node H. The dogbone linkage
is disposed between respective positions corresponding to
the node D and the node F, and front side linkage is disposed
between respective positions corresponding to the node D
and the node G. Further, the node G of the four-bar linkage
112 may be disposed at a position corresponding to the
terminal point of the excavator stick 110 through which the
excavator stick 110 is coupled to the excavating implement
114. Referring to FIG. 5, the four-bar linkage 112 comprises
a diagonal length FG between a front end node of the
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implement linkage of length GH and a rear end node of the
dogbone linkage of length DF.

The excavating implement 114 is configured to curl
relative to the excavator stick 110 to define a plurality of
implement curl positions. In embodiments, the excavating
linkage assembly 104 may be configured to swing with, or
relative to, the machine chassis 102, and the excavator stick
110 may be configured to curl relative to the excavator boom
108. Further, the machine chassis 102 may be mechanically
coupled to a terminal pivot point A of the excavator boom
108. The excavator stick 110 may comprise a stick terminal
point corresponding to the position of the node G of the
four-bar linkage 112 and may be mechanically coupled to a
terminal pivot point B of the excavator boom 108. Further,
the excavator stick 110 may be mechanically coupled to the
excavating implement 114 through the stick terminal point.
A position of the terminal pivot point B and the node G may
be identified prior to, for example, the iterative process
being executed by the architecture controller.

Referring to FIG. 3, a boom limb length Lz is a limb
length of the excavator boom 108, a boom angle 0, is an
angle of the excavator boom 108 between the terminal pivot
points A and B relative to gravity, a stick limb length L is
a limb length of the excavator stick 110, and a stick angle 6
is an angle of the excavator stick 110 between the terminal
pivot point B and the node G relative to gravity. One or more
dynamic sensors may be disposed on excavator components
such as the limbs of the excavator boom 108 or the excavator
stick 110 or on any of the linkages of the four-bar linkage
112.

The LDM 124 is configured to generate an LDM distance
signal D; ,,, indicative of a distance between the LDM 124
and the laser reflector 139 and an angle of inclination signal
0,yc indicative of an angle between the LDM 124 and the
laser reflector 130. The laser reflector 130 is configured to be
disposed at a position corresponding to a calibration node on
the excavating implement 114. In embodiments, the calibra-
tion node is positioned at a terminal point J at a bucket tooth
tip of the excavating implement 114. A height H, of the
LDM 124 from the terminal pivot point A of the excavator
boom 108 and a distance D, of the LDM from a terminal
pivot point A of the excavator boom may be identified or
determined prior to, for example, the iterative process being
executed by the architecture controller.

The control architecture 106 comprises one or more
linkage assembly actuators and an architecture controller
programmed to execute an iterative process at successive
implement curl positions. In embodiments, the control archi-
tecture comprises a non-transitory computer-readable stor-
age medium comprising machine readable instructions that
the architecture controller is programmed to execute. The
one or more linkage assembly actuators may facilitate
movement of the excavating linkage assembly 104. Further,
the one or more linkage assembly actuators may comprise a
hydraulic cylinder actuator, a pneumatic cylinder actuator,
an electrical actuator, a mechanical actuator, or combina-
tions thereof.

The iterative process is illustrated in FIG. 6 through a
control scheme 200 and steps 202-218. In step 202, the
iterative process may start with a first iteration in which
m=1. The calibration node may be aligned through the
excavating linkage assembly 104 to align with the LDM 124
in step 204. The iterative process comprises generating a
measured dogbone angle 0,,.°*"*4 of the dogbone linkage
from the implement dynamic sensor 120, as illustrated in
step 206. The iterative process further comprises determin-
ing a height H and a distance D between the calibration node
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on the excavating implement 114 and the LDM 124 based on
the LDM distance signal D, ,,,, and the angle of inclination
signal 0,5, as illustrated in step 208. As shown in step 210,
the iterative process comprising determining a position of
the calibration node at least partially based on the height H
and the distance D. Additionally, the iterative process com-
prises, as shown in step 212, determining an estimated
implement angle 0,,/~%"*? of the excavating implement
114 at least partially based on the position of the calibration
node.

In embodiments, the estimated implement angle
0 i imated of the excavating implement 114 may be deter-
mined at least partially based on the position of the node G
and the position of the terminal pivot point B. Additionally
or alternatively, the estimated implement angle 0 /%4
of the excavating implement is determined at least partially
based on a lookup table estimating the based on the mea-
sured dogbone angle 0 ,,,2°**"*? In another embodiment, a
position of the node D of the four-bar linkage 112 is
determined based on the measured dogbone angle
0,744 or may be otherwise identified, and the esti-
mated implement angle 0,,~"***? of the excavating imple-
ment is determined at least partially based on the position of
the node D and the position of the terminal pivot point B. As
a non-limiting example, the estimated implement angle
0 mared of the excavating implement is determined at
least partially based on a determined internal angle 0,
that based on the positions of nodes D and G and the
terminal point J. Referring to FIGS. 4-5, a determined
external angle 0,5, may be determined based on the
determined internal angle 6, per a following equation:

0p6, =360°-0pg, (Equation 1)

Further, the determined external angle 6,,,° is a sum of
the estimated implement angle 0,,,”""**“ of the excavating
implement and a implement angle W that is a constant angle
formed between surfaces of the excavating implement 114
disposed between the terminal point J and the nodes G and
H, such that:

06,=0 GHEstimated+\I_] (Equation 2)

which is rearranged into a following equation:

eHGEstimated:eDGJe_\Ij (Equation 3)

The iterative process further comprises, as shown in step
214 of FIG. 6, generating a mapping equation comprising
linkage angle inputs, unsolved linkage length parameters,
and unsolved angle offset parameters. The linkage angle
inputs comprise the measured dogbone angle 0,4
and the estimated implement angle 0 =" at the imple-
ment curl position. The unsolved linkage length parameters
comprise the linkage lengths GH, FH, DF, and DG of the
four-bar linkage. The unsolved angle offset parameters com-
prise an offset dogbone angle 6,,,2"* of the dogbone link-
age, and an offset implement angle 0 ;;,/°"* of the excavating
implement 114.

In embodiments, the mapping equation comprises a fol-
lowing equation, which includes an actual dogbone angle

Actual : Actual,
(e and an actual implement angle 0 ;,; :

DG — DF xcos(180° — gp&l) N (Equation 4)

FG

Actual __
OGH =

5
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-continued
DF? + DG? + GH* =2« DF «
DG xcos(180° — gp¢ly — FH?
2%« FG« GH

The actual dogbone angle 0,/

measured dogbone angle 0 ;=74

angle 0,7 such that:

is based on the
and the offset dogbone

Actual_g Measured_g _Bias
DF -OpF

OpF (Equation 5)

the actual implement angle 0,2

estimated implement angle 0 ;"¢

ment angle 0,7 such that:

al is based on the
and the offset imple-

Actual:e Estimated ) Bias
GH “VYGH

O (Equation 6)

Further, the mapping equation is based on an implement
angle equation, as follows:

FG? + GH* - FH* (Equation 7)

2+ FG+GH

DG? + FG? - DF?
2« FG+x DG

Actual __
OGH =

The implement angle equation is based on an implement
angle summation equation, as follows:

Actual_

Ocr =0rcptOncr (Equation 8)

In Equation 8, 0, is an angle between nodes H, G, and

F, and 0., is an angle between nodes F, G, and D. Further,
06 and 0.5, are based on a following pair of equations:

DG? + FG* - DF? (Equations 9- 10)

Opcp = ——— " and
FGD 2+FG+DG
P FG* + GH* - FH?
HeE = T FG«GH

The mapping equation is further based on a substitution of
a FG? term in the implement angle equation with a diagonal

length squared equation, which follows:
FG?=DF?+DG?-2* DF *DG*cos(180°-0 ¢4l (Equation 11)

Further, the diagonal length squared equation of Equation
11 is based on a diagonal length equation, as follows:

FG= DF24+DG?~2* DF *DG* cos(180°—0 574 (Equation 12)

In embodiments, the mapping equation maps a waveform
as, for example, a graphical empirical chart or display, the
waveform comprising linear and non-linear regions at least
partially based on one or more linkage lengths.

The architecture controller is further programmed to
repeat the iterative process for successive implement curl
positions to generate a set of m mapping equations, wherein
the set of m mapping equations comprises n unsolved
linkage length and unsolved angle offset parameters, and the
iterative process is repeated until m>n. For example, as
shown in step 216 of FIG. 6, if m>n is not true, then the
iterative process continues to step 218 and the next iteration
of m to repeat through steps 204-216. If, in step 216, m>n
is true, the control scheme 200 continues on to step 220. In
embodiments, the iterative process is repeated until m passes
a threshold greater than n. As a non-limiting example, n may
be equal to 6 and the threshold may be 17 such that m is
equal to 18 to generate a set of 18 mapping equations
comprising 6 unsolved linkage length and unsolved angle
offset parameters.
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As shown in step 220 of FIG. 6, the architecture controller
is further programmed to solve the generated set of m
mapping equations comprising the n unsolved parameters to
determine the linkage lengths GH, FH, DF, and DG of the
four-bar linkage, the offset dogbone angle 6,5 of the
dogbone linkage, and the offset implement angle 6,,,”°'* of
the excavating implement 114. Further, as shown in step 222
of FIG. 6, the architecture controller is programmed to
operate the excavator 100 using the n solved parameters of
linkage lengths GH, FH, DF, and DG, the offset dogbone
angle 0,7, and the offset implement angle 8,

It is contemplated that the embodiments of the present
disclosure may assist to permit a speedy and more cost
efficient method of determining linkage lengths, sensor
offsets of sensors on excavator linkages, and offsets of
angular estimations of excavator linkages in a manner that
minimizes a risk of human error with such value determi-
nations. Further, the controller of the excavator or other
control technologies are improved such that the processing
systems are improved and optimized with respect to speed,
efficiency, and output.

A signal may be “generated” by direct or indirect calcu-
lation 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 a parameter or another variable is not
intended to denote that the variable is exclusively a function
of the listed parameter or variable. Rather, reference herein
to a variable that is a “function” of a listed parameter is
intended to be open ended such that the variable may be a
function of 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
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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.”

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, an implement dynamic sensor, an
excavating implement, and control architecture;

the excavating linkage assembly comprises an excavator

boom, an excavator stick, and a four-bar linkage;

the excavating implement and the excavator stick are

mechanically coupled through the four-bar linkage
comprising an implement linkage of length GH, a rear
side linkage of length FH, a dogbone linkage of length
DF, and a front side linkage of length DG;

the implement dynamic sensor is positioned on the dog-

bone linkage of the four-bar linkage;

the excavating implement is configured to curl relative to

the excavator stick to define a plurality of implement
curl positions;

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 signal
0,y 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 excavating
implement;

the control architecture comprises one or more linkage

assembly actuators and an architecture controller pro-
grammed to execute an iterative process at successive
implement curl positions, the iterative process com-
prising
generating a measured dogbone angle 0,,.°%**? of
the dogbone linkage from the implement dynamic
sensor,
determining a height H and a distance D between the
calibration node on the excavating implement and
the LDM based on the LDM distance signal D, ,,,,
and the angle of inclination signal 6,
determining a position of the calibration node at least
partially based on the height H and the distance D,
determining an estimated implement angle 0 ;=4
of the excavating implement at least partially based
on the position of the calibration node, and
generating a mapping equation comprising linkage
angle inputs, unsolved linkage length parameters,
and unsolved angle offset parameters, wherein the
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linkage angle inputs comprise the measured dogbone
angle 0,4 and the estimated implement angle
0 g mated the implement curl position, the
unsolved linkage length parameters comprise the
linkage lengths GH, FH, DF, and DG of the four-bar
linkage, and the unsolved angle offset parameters
comprise an offset dogbone angle 6,,,%"* of the
dogbone linkage, and an offset implement angle
0,2 of the excavating implement; and
the architecture controller is further programmed to

repeat the iterative process for successive implement
curl positions to generate a set of m mapping equa-
tions, wherein the set of m mapping equations com-
prises n unsolved linkage length and unsolved angle
offset parameters, and the iterative process is
repeated until m>n,
solve the generated set of m mapping equations com-
prising the n unsolved parameters to determine the
linkage lengths GH, FH, DF, and DG of the four-bar
linkage, the offset dogbone angle 0,,.7“ of the
dogbone linkage, and the offset implement angle
0,2 of the excavating implement, and

operate the excavator using the linkage lengths GH,
FH, DF, and DG, the offset dogbone angle 0,5,
and the offset implement angle 0,7

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

the four-bar linkage comprises a node D, a node F, a node

G, a node H;
the implement linkage is disposed between respective
positions corresponding to the node G and the node H;
the rear side linkage is disposed between respective
positions corresponding to the node F and the node H;
the dogbone linkage is disposed between respective posi-
tions corresponding to the node D and the node F; and
the front side linkage is disposed between respective
positions corresponding to the node D and the node G.

3. An excavator calibration framework as claimed in
claim 2, wherein the node G of the four-bar linkage is
disposed at a position corresponding to a terminal point of
the excavator stick through which the excavator stick is
coupled to the excavating implement.

4. An excavator calibration framework as claimed in
claim 1, wherein the iterative process is repeated until m
passes a threshold greater than n.

5. An excavator calibration framework as claimed in
claim 4, wherein n is equal to 6 and the threshold is 17 such
that m is equal to 18 to generate a set of 18 mapping
equations comprising 6 unsolved linkage length and
unsolved angle offset parameters.

6. An excavator calibration framework as claimed in
claim 1, wherein the laser reflector is on a pole or secured
directly to the excavating implement.

7. An excavator calibration framework as claimed in
claim 1, wherein the calibration node is positioned at a
terminal point J at a bucket tooth tip of the excavating
implement.

8. An excavator calibration framework as claimed in
claim 1, wherein the machine chassis is mechanically
coupled to a terminal pivot point A of the excavator boom.

9. An excavator calibration framework as claimed in
claim 1, wherein the excavator stick comprises a stick
terminal point corresponding to the position of a node G of
the four-bar linkage and is mechanically coupled to a
terminal pivot point B of the excavator boom; and

the excavator stick is mechanically coupled to the exca-

vating implement through the stick terminal point.
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10. An excavator calibration framework as claimed in
claim 9, wherein a position of the terminal pivot point B and
the node G are identified.

11. An excavator calibration framework as claimed in
claim 10, wherein the estimated implement angle
0 Smated of the excavating implement is determined at
least partially based on the position of the node G and the
position of the terminal pivot point B.

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

the four-bar linkage comprises a node D, a node F, a node
G, a node H;

the calibration node is positioned at a terminal point J at
a heading tooth tip of the excavating implement;

a position of the terminal pivot point B is identified;

a position of the node D of the four-bar linkage is
determined based on the measured dogbone angle
eDFMeasured; and

the estimated implement angle 0,7""“*? of the exca-
vating implement is determined at least partially based
on the position of the node D and the position of the
terminal pivot point B.

13. An excavator calibration framework as claimed in
claim 12, wherein the estimated implement angle
0 Smated of the excavating implement is determined at
least partially based on:

a determined internal angle 6, based on the positions
of nodes D and G and the terminal point J such that a
determined external angle 6, °=360°-0 .

14. An excavator calibration framework as claimed in
claim 13, wherein the determined external angle 0, ,° is a
sum of the estimated implement angle 0,5 of the
excavating implement and a implement angle W that is a
constant angle formed between the surfaces of the excavat-
ing implement disposed between the terminal point J and the
nodes G and H, such that:

Estimated _ e
eGH' 70DGJ -W.

15. An excavator calibration framework as claimed in
claim 1, wherein:
the four-bar linkage comprises a diagonal length FG
between a front end node of the implement linkage of
length GH and a rear end node of the dogbone linkage
of length DF; and
the mapping equation comprises a following equation,
including an actual dogbone angle 0,,,°“* and an
actual implement angle 0,/

DF? + DG? + GH? =2« DF

DG — DF # cos(180° — gp&at) N
FG

DG #cos(180° — gpcaly — FH?

OAcrual —
GH 2% FG«GH

16. An excavator calibration framework as claimed in
claim 15, wherein the actual dogbone angle 0,,,4“““ based
on the measured dogbone angle 0,,,****? and the offset
dogbone angle 6,7 such that:

Actual _, Measured, Bias
eDF 70DF - eDF .

17. An excavator calibration framework as claimed in
claim 15, wherein the actual implement angle 0 ™ is
based on the estimated implement angle 0,,”""** and the

offset implement angle 6,,,”"* such that:

Actual_ Estimated Bias
eGH' 70GH _eGH .
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18. An excavator calibration framework as claimed in
claim 15, wherein the mapping equation is based on an
implement angle equation, as follows:

DG? + FG* - DF?  FG* + GH? — FI*

Oéﬁml: +
2+ FG«DG 2+ FG«GH

and a substitution of a FG? term in the implement angle
equation with a diagonal length squared equation, as fol-
lows:

FG2:\/DF2+DG2-2*DF*DG*cos(1 80°-0 i tcaly,

19. An excavator calibration framework as claimed in
claim 18, wherein the diagonal length squared equation is
based on a diagonal length equation, as follows:

FG=N D2+ DG?~2* DF *DG* cos(180°- 0,7 4).

20. An excavator calibration framework as claimed in
claim 18, wherein the implement angle equation is based on
an implement angle summation equation, as follows:

0 Actual_,

GH =OroptOmor

#* #* #* #* #*
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