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FORCE-BASED WORK VEHICLE BLADE
PITCH CONTROL

CROSS-REFERENCE TO RELATED
APPLICATION(S)

[0001] Not applicable.

STATEMENT OF FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT

[0002] Not applicable.
FIELD OF THE DISCLOSURE
[0003] This disclosure relates generally to work vehicles

and, more particularly, to a system and method for auto-
matically adjusting blade pitch in crawler dozers, motor
graders, and other bladed work vehicles.

BACKGROUND OF THE DISCLOSURE

[0004] Crawler dozers (hereafter “dozers”), motor graders
(hereafter “graders™), and other bladed work vehicles are
well-suited for spreading, shearing, carrying, and otherwise
moving relatively large volumes of earth. For this reason,
dozers and graders are often utilized in tandem when remov-
ing or redistributing earth to impart a tract of land (hereafter
an “open ground worksite”) with a final grade or surface
contour. Grading of an open ground worksite is commonly
performed in two or more phases. During an initial rough
cutting phase, dozers and possibly other work vehicles, such
as tractor-scrapers, are utilized for bulk earth moving pur-
poses. A fine grading phase may then be performed after the
rough cutting phase is completed. During fine grading,
graders may be utilized to create a finished grade across the
upper surface of the open ground worksite, for example,
corresponding to a previously-prepared topological map.
[0005] Bladed work vehicles are now commonly equipped
with blade actuation systems enabling an operator to
manipulate a work vehicle’s blade in multiple degrees of
freedom (DOFs). In the case of a crawler dozer, for example,
an operator may be able to adjust the height, pitch, and
rotational angle of the blade through an electro-hydraulic
blade actuation system, which is integrated into a blade
control assembly mounting the blade to a forward portion of
the dozer. Similarly, in the case of a grader, an operator may
be able to adjust blade height, blade pitch, and blade
rotational angle, as well as the lateral position of the blade
relative to the grader chassis within certain limits. Such
multi-DOF blade movement provides a powerful and flex-
ible tool in earthmoving operations. However, as the free-
dom of blade movement increases, so too does the com-
plexity of the operator controls utilized to control blade
movement. This, in turn, provides greater opportunities for
sub-optimal positioning of the blade and increases the
mental workload placed on an operator of the bladed work
vehicle.

[0006] Advanced Grade Control Systems (GCSs) have
been developed for automatically controlling the blade
height and cut depth of graders and other bladed work
vehicles. In contrast, such systems may not provide auto-
matic control and optimization of blade pitch. The manner in
which blade pitch is controlled during a grading operation
can directly affect productivity, fuel consumption, and other
measures of work vehicle efficiency. A skilled operator can
improve work vehicle efficiency by maintaining the blade
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pitch at an optimal angle when operating a bladed work
vehicle. However, the optimal blade pitch angle may vary
with multiple dynamic factors including cut depth, material
type, material density, moisture content, and so on. Conse-
quently, it can be difficult for even a skilled operator to
consistently maintain blade pitch within an optimal range
throughout a grading operation or other task, while simul-
taneously controlling the various other operational param-
eters of the work vehicle.

SUMMARY OF THE DISCLOSURE

[0007] A system and method for automatically adjusting
blade pitch in crawler dozers, motor graders, and other
bladed work vehicles are provided.

[0008] In one embodiment, the method includes the step
or process of estimating a current tractive force of the work
vehicle utilizing one or more controllers onboard the work
vehicle. The one or more controllers further establish
whether the current tractive force of the work vehicle can be
reduced by rotating the blade to an optimized pitch angle.
When establishing that the current tractive force of the work
vehicle can be reduced by rotating the blade to an optimized
pitch angle, a command is transmitted from the one or more
controllers to a blade actuation system, which then rotates
the blade to the optimized pitch angle. The method may be
performed iteratively to repeatedly or continually adjust the
blade pitch to optimized angles as the work vehicle operates
and conditions affecting the optimal blade pitch angle vary.
The productivity, fuel consumption, and/or other measures
of work vehicle efficiency may be improved as a result.
[0009] In further embodiments, the method for automati-
cally adjusting blade pitch in a bladed work vehicle may
include other steps or processes in addition to or lieu of those
set-forth above. For example, in another embodiment of the
method, it may be determined whether the work vehicle is
currently operating in a loading phase rather than another
operative phase, such as a carry phase. When it is deter-
mined that the work vehicle is currently operating in a
loading phase, one or more controllers onboard the work
vehicle may then execute a loading phase algorithm. The
loading phase algorithm may include the steps or processes
of: (i) estimating a tractive force component required to
overcome soil cut and roll resistance forces (TF -7 4crrur)
during loading; (ii) determining a blade pitch adjustment at
least partially based on TF -7 4c7er4z; and (iii) transmitting
a command to the blade actuation system to implement the
blade pitch adjustment.

[0010] Embodiments of dozers, graders, and other bladed
work vehicles are further provided. In one embodiment, the
bladed work vehicle includes a blade having a pitch angle,
ablade actuation system coupled to the blade and configured
to adjust the pitch angle thereof, one or more sensors
configured to provide data indicative of a current tractive
force of the work vehicle, and one or more controllers
coupled to the blade actuation system and to the one or more
sensors. The one or more controllers include instructions for
the execution of an auto pitch control function during which:
(1) sensor data is received from the one or more sensors
indicative of a current tractive force of the work vehicle; (ii)
it is determined whether the current tractive force of the
work vehicle can be reduced by rotating the blade to an
optimized pitch angle by the sensor data; and (iii) when the
current tractive force of the work vehicle can be reduced by
rotating the blade to an optimized pitch angle, a command
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is automatically transmitted from the one or more controllers
to the blade actuation system to rotate the blade to the
optimized pitch angle.

[0011] The details of one or more embodiments are set-
forth in the accompanying drawings and the description
below. Other features and advantages will become apparent
from the description, the drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] At least one example of the present invention will
hereinafter be described in conjunction with the following
figures, wherein like numerals denote like elements, and:
[0013] FIG. 1 is a side view of a crawler dozer including
a blade control linkage, as illustrated in accordance with an
example embodiment of the present disclosure;

[0014] FIG. 2 is a schematic representation of the example
crawler dozer shown in FIG. 1;

[0015] FIG. 3 is a flowchart illustrating an auto pitch
control function that may be performed by the example
crawler dozer illustrated in FIGS. 1-2, as illustrated in
accordance with an example embodiment of the present
disclosure;

[0016] FIG. 4 is a flowchart illustrating a first example
process that may be carried-out during the performance of
the auto pitch control function (FIG. 3) to measure whether
a minimum reduction in a tractive force of the crawler dozer
can be achieved by rotating the blade to an optimized pitch
angle (05p7004,); and

[0017] FIG. 5 is a flowchart illustrating a second example
process that may be carried-out during the performance of
the auto pitch control function (FIG. 3) to predict or forecast
whether a minimum reduction in a tractive force of the
crawler dozer may be achieved by rotating the blade to an
optimized pitch angle (0 ,p772747)-

DETAILED DESCRIPTION

[0018] The following describes one or more example
embodiments of the disclosed blade pitch control system and
method, as shown in the accompanying figures of the
drawings described briefly above. Various modifications to
the example embodiment(s) may be contemplated by one of
skill in the art.

[0019] It may be desirable to provide systems and methods
for automatically adjusting blade pitch in a dozer, grader, or
other bladed work vehicle in a manner that optimizes the
blade pitch angle and boosts overall work vehicle efficiency.
Ideally, embodiments of such systems and methods would
enable blade pitch optimization through one or more phases
of a grading operation, such as a loading and/or carrying
phase, when the blade pitch angle has a more pronounced
effect on work vehicle efficiency.

[0020] The following describes a system and method for
automatically adjusting blade pitch in crawler dozers, motor
graders, and other bladed work vehicles. Embodiments of
the bladed work vehicle may be equipped with a blade, a
blade actuation system, and one or more controllers associ-
ated with computer-readable instructions for the selective
execution of one or more algorithms or processes referred to
herein as an “auto pitch control function.” When executed,
the auto pitch control function determines whether a mini-
mum reduction in a current tractive force of the work vehicle
can be achieved by rotating the work vehicle’s blade to a
new, optimized blade pitch angle (0,p772247)- If it is deter-
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mined that a minimum reduction in the tractive force of the
work vehicle can be so achieved, the controller transmits a
command to the blade actuation system to implement a
corresponding pitch angle adjustment. The auto pitch con-
trol function may be performed iteratively such that the
blade pitch is repeatedly or continually adjusted during
operational of the work vehicle in response to changes in
operational phase, cut depth, blade volume, and/or other
dynamic factors affecting the optimized pitch angle. By
continually optimizing the blade pitch angle in this manner,
embodiments of the systems and methods can improve the
overall efficiency of the work vehicle, whether considered
from the standpoint of productivity (e.g., material volume
moved over a given duration of time), from the standpoint
of fuel consumption (e.g., fuel consumed for amount of
work performed), or from the standpoint of another effi-
ciency metric. As a further benefit, the automatic adjustment
of the blade pitch angle helps simplity the manual control
requirements of the work vehicle to ease the mental burden
placed on the work vehicle operator in a high workload
environment.

[0021] Embodiments of the system and method described
herein may identify whether a minimum reduction in the
tractive force of a bladed work vehicle can be realized by
rotating the blade to an optimized pitch angle in a number of
different manners. In certain embodiments, this is accom-
plished by rotating the blade through a number of test
angles, while receiving data indicative of a tractive force of
the bladed work vehicle at each of the plurality of test pitch
angles. The optimized pitch angle may then be determined
at least partially based on one or more of the plurality of test
pitch angles at which the tractive force of the work vehicle
is the least. In other embodiments, the determination of
whether a minimum reduction in tractive force can be
achieved by rotating the blade to a new optimal blade pitch
angle may be predicted or forecast utilizing sensor data and
virtual modeling techniques. In this case, an expected trac-
tive force may be determined utilizing one or more adaptive
models and then compared to the actual or measured tractive
force of the bladed work vehicle. If a sufficient disparity
exists between the expected tractive force and the actual
tractive force, it may be concluded that a minimum reduc-
tion in tractive force is likely achievable by rotating the
blade to a new, optimized blade pitch angle (0 5p771.47)- The
optimized pitch angle (0 ,p7p,,,) may also be derived from
the adaptive virtual model based, at least in part, on the
disparity between the expected tractive force and the actual
tractive force of the work vehicle. The virtual model may be
“adaptive” in the sense that the model may consider past
performance of the work vehicle, variable environmental
conditions, variable hydrostatic transmission inefficiencies,
variable friction coefficients, and/or other adaptive inputs. In
certain embodiments, different virtual models may be
recalled and utilized for disparate operative phases of the
bladed work vehicle. For example, an adaptive carry model
may be utilized when the work vehicle is operating in a carry
mode, while an adaptive loading model may be utilized
when the work vehicle is operating in a loading mode.

[0022] As indicated above, embodiments of the auto pitch
control function can be performed during the loading and/or
carrying phases of a grading task. When performed during
the loading phase, a controller executing the auto pitch
control function may perform a loading phase sub-process.
During the loading phase sub-process, the actual tractive
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force of the work vehicle may first be calculated based on
sensor data or otherwise determined. Afterwards, a compo-
nent of the actual tractive force required to overcome soil cut
and roll forces (TF or,r 4crear))s specifically, may be esti-
mated. The controller may then establish an expected trac-
tive force component required to overcome the soil cut and
roll forces (TF oy gxprcrep) by, for example, inputting the
current cut depth of the blade and/or other adaptive data into
an adaptive loading model. The controller can determine an
optimal blade pitch angle (0,p77.4;) as a function of the
differential between TF .. zvrrcrzpr a4 TF cor yoroar
when this differential exceeds a minimum threshold value.
Finally, the controller may transmit a command to the blade
actuation system to rotate the blade to the newly-determined
optimal blade pitch angle (0,p772.4,)- In so doing, the
controller can calculate the optimal blade pitch angle
(Ooprmzar) In a simplified, yet accurate manner during a
loading task, such as during the loading phase of a grading
operation.

[0023] In still further embodiments, the controller or con-
trollers carrying-out the auto pitch control function may first
identify whether the work vehicle is currently operating in
either a loading phase or a carry phase. If the work vehicle
is instead currently operating in the loading phase, the
controller may transmit a command to the blade actuation
system to rotate the blade to a first optimized pitch angle. If
the work vehicle is currently operating in the carry phase,
the controller may transmit a command to the blade actua-
tion system to rotate the blade to a second optimized pitch
angle different than (e.g., less than) the first optimized pitch
angle.

[0024] Embodiments of the system and method for auto-
matically adjusting blade pitch in a bladed work vehicle will
now be described with reference to FIGS. 1-5. For purposes
of explanation, the following will primarily describe
embodiments of the system and method in conjunction with
an example crawler dozer shown in FIGS. 1-2. The follow-
ing notwithstanding, it is emphasized that embodiments of
the system and method described herein can be utilized in
conjunction with various other types of dozers, graders, and
other bladed work vehicles.

[0025] FIG. 1 is a side view of a tracked crawler dozer 10,
as illustrated in accordance with an example embodiment of
the present disclosure. The crawler dozer 10 includes a
chassis 12, a cabin 14 supported by the chassis 12, and a
number of operator controls 16 located within the cabin 14.
The crawler dozer 10 further includes a tracked undercar-
riage 18 containing top rollers 20, bottom rollers 22, sprock-
ets and/or idlers 24, and twin tracks 26. In further embodi-
ments, the tracked undercarriage 18 can be replaced by a
different type of undercarriage including wheels, friction or
positively-driven belts, or another ground-engaging mecha-
nism suitable for moving the crawler dozer 10 across a tract
of land, such as off-road terrain 28 identified in FIG. 1.

[0026] The crawler dozer 10 further includes a blade 30
having a lower cutting edge 32. The blade 30 is mounted to
a forward portion of the chassis 12 by an outer blade control
linkage 32, which is constructed of various links, joints, and
other structural elements. The blade control linkage 32 can
include, for example, a push frame 34 joined to tracked
undercarriage 18 at pivot points 36. A blade actuation system
40 is further provided, the components of which may be
generally interspersed or integrated with the components of
the blade control linkage 32. The blade actuation system 40
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can include any number and type of actuators suitable for
enabling an operator of the crawler dozer 10 to control the
position of the blade 30 relative to the chassis 12. In the
illustrated example, the blade actuation system 40 includes
two hydraulic lift cylinders 42 (only one of which can be
seen in FIG. 1) and two hydraulic pitch cylinders 44 (again
only of which can be seen). The lift cylinders 42 are each
pivotally coupled to chassis 12 at a first pivot point 46 and
further pivotally coupled to blade 30 at a second pivot point
48 such that extension and retraction of the lift cylinders 42
raises or lowers the blade 30. Similarly, the pitch cylinders
44 are each pivotally coupled to the push frame 34 at a first
pivot point 50 and further pivotally coupled to blade 30 at a
second pivot point 52 such that extension and retraction of
the pitch cylinders 44 adjusts the pitch of the blade 30. In
certain cases, it may also be possible to adjust the tilt angle
of the blade 30 by commanding the pitch cylinders 44 to
different stroke positions; e.g., by extending one of the pitch
cylinders 44, while simultaneously retracting the other pitch
cylinder 44.

[0027] As indicated above, the blade control linkage 32
and the blade actuation system 40 shown in FIG. 1 are
provided purely by way of non-limiting example. In further
embodiments of the crawler dozer 10, the blade control
linkage 32 and the blade actuation system 40 can vary such
that movement of the blade 30 may be controlled in a
different manner. For example, in another embodiment, the
blade actuation system 40 may include a single pitch cyl-
inder 44, which can be extended or retracted to adjust the
blade 30. Additionally, a non-hydraulic, manual mechanism
may also be provided for adjusting blade pitch in certain
embodiments. In this regard, and as a further non-limiting
example, a single pitch cylinder 44 may be coupled to a first
side of the blade 30 to allow remote hydraulic control of the
pitch angle of the blade 30, as described herein, while the
opposing side of the blade 30 may be coupled to a jackscrew
that can be utilized to manually adjust blade pitch. Gener-
ally, then, it should be understood that the blade control
linkage 32 and the blade actuation system 40 can assume any
form enabling the pitch of the blade 30 to be remotely
controlled utilizing the operator controls 16 and automati-
cally adjusted by one or more systems onboard the crawler
dozer 10 (or other bladed work vehicle) in the manner
described more fully below.

[0028] With continued reference to the example embodi-
ment shown in FIG. 1, the hydraulic pitch cylinders 44 can
thus be extended or retracted to pitch the upper edge of the
blade 30 forward or afterward, respectively. Stated differ-
ently, the stroke position of the hydraulic pitch cylinders 44
can be controlled to adjust the blade pitch angle of the blade
30. As appearing herein, the term “blade pitch angle” is
defined as an angle formed between the height dimension of
the blade face (or a line tangent to the top and bottom edges
of the blade face when curved) and a line parallel to the
centerline of the crawler dozer 10. This angle is depicted
identified in FIG. 1 by double-headed arrow (0 .pxrent)s
and the centerline of the crawler dozer 10 (or a line parallel
to the dozer centerline) is represented by dashed line 54.
When the hydraulic pitch cylinders 44 are fully extended,
the blade 30 is pitched forward and may be considered to
have a highly aggressive pitch angle. In this position, the
blade pitch angle (8 - zzznr) may be equal to or slightly less
than 90 degrees)(°) in an embodiment. When the hydraulic
pitch cylinders 44 are fully retracted, the blade 30 is pitched
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backward and may be considered to have a minimally
aggressive or “laid back” pitch angle. In this position, the
blade pitch angle (8 . rrzn7) Mmay be equal to approximately
45°, as a further non-limiting example.

[0029] Advancing now to FIG. 2, a schematic of the
example crawler dozer 10 is shown. Here, it can be seen that
the crawler dozer 10 includes a number of additional com-
ponents beyond those previously described in conjunction
with FIG. 1. Such additional components can include, for
example, an engine 64 (e.g., a diesel engine), a hydrostatic
transmission 66, a left final drive 68, and a right final drive
70. During operation of the crawler dozer 10, the engine 64
drives rotation of the tracks 26 through the hydrostatic
transmission 66 and the final drives 68,70. More specifically,
the rotating mechanical output of the engine 64 drives left
and right hydrostatic pumps 72, 74 that may be included
within the hydrostatic transmission 66. The hydrostatic
pumps 72, 74 are fluidly interconnected through other fluid-
conducting components 76 of the hydrostatic transmission
66, such as filters, reservoirs, heat exchangers, and the like.
The hydrostatic pumps 72, 74 are further fluidly coupled to
and drive hydrostatic motors 78, 80 contained with the
hydrostatic transmission 66. The mechanical outputs of the
hydrostatic drive motors 78, 80 then drive rotation of
sprockets engaging the tracks 26 through the final drives 68,
70. The engine and the powertrain of the crawler dozer 10
(or other bladed work vehicles described herein) can vary in
other embodiments.

[0030] One or more hydrostatic transmission sensors 82
are further included in the hydrostatic transmission 66. The
hydrostatic transmission sensors 82 can include pressure
sensors for monitoring the loop pressure differential across
the hydrostatic transmission 66, sensors for monitoring the
piston displacements of the hydrostatic drive motors 78, 80,
and/or sensors for measuring various other operational char-
acteristics of the hydrostatic transmission 66. During opera-
tion of the crawler dozer 10, the hydrostatic transmission
sensors 82 supply data describing such operational param-
eters to one or more controllers onboard the crawler dozer
10. The one or more controllers are schematically repre-
sented in FIG. 2 by a single block “84” and will be referred
to as “controller 84” hereafter for ease of reference. It will
be noted, however, that the controller 84 can include any
number of processing devices, which can be distributed
throughout the crawler dozer 10 and interconnected utilizing
different communication protocols and memory architec-
tures. The data received by the controller 84 from the
hydrostatic transmission sensors 82 and the other sensors
described below is then utilized to carry-out an auto pitch
control function, as explained in more detail in conjunction
with FIGS. 3-5.

[0031] Thus, as schematically illustrated in FIG. 2, the
controller 84 can include or assume the form of any elec-
tronic device, subsystem, or combination of devices suitable
for performing the processing and control functions
described herein. In this regard, the controller 84 may be
implemented utilizing any suitable number of individual
microprocessors, memories, power supplies, storage
devices, interface cards, and other standard components
known in the art. Additionally, the controller 84 may include
or cooperate with any number of software programs or
instructions designed to carry-out various methods, process
tasks, calculations, and control functions described herein.
The controller 84 may further include or function in con-
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junction with a memory containing any number of volatile
and/or non-volatile memory elements. The memory will
typically include a central processing unit register, a number
of temporary storage areas, and a number of permanent
storage areas that store the data and programming required
for operation of the controller 84. Such memory elements
are collectively identified as a separate block entitled
“memory 92” in the schematic of FIG. 2. It will be appre-
ciated, however, that the memory 92 can be integrated into
the controller 84 in certain embodiments. Further, the com-
ponents of the crawler dozer 10 schematically shown in FIG.
2 can be interconnected with the controller 84 utilizing any
suitable work vehicle interconnection architecture, whether
wired, wireless, or a combination thereof. In many cases, the
foregoing components will communicate over a vehicular
bus permitting bidirectional signal communication with the
controller 84. Generally, then, the individual elements and
components of the logic control architecture of the crawler
dozer 10 may be implemented in a distributed manner using
any number of physically-distinct and operatively-intercon-
nected pieces of hardware or equipment.

[0032] As noted above, crawler dozer 10 further includes
a blade actuation system 40. The blade actuation system 40
contains a number of blade control linkage cylinders 86 and
blade control linkage sensors 88. As schematically illus-
trated in FIG. 2, the blade control linkage cylinders 86
encompass the hydraulic lift cylinders 42 and the hydraulic
pitch cylinders 44 described above in conjunction with FIG.
1. The controller 84 is further operably coupled to the blade
control linkage cylinders 86 and can transmit commands
thereto. The controller 84 may transmit such commands to
the blade control linkage cylinders 86 in accordance with
operator input received via the operator controls 16 or in
response to automatic blade adjustments determined utiliz-
ing the below-described auto blade pitch function. As was
the case with the hydrostatic transmission sensors 82, the
blade control linkage sensors 88 provide data describing
such characteristics to the controller 84 for consideration
during performance of the auto blade pitch function. In this
regard, the blade control linkage sensors 88 can include
various different combinations of force sensors (e.g., load
cells) for measuring the forces applied through the blade 30
and the blade control linkage 32, positional sensors (e.g.,
magnetostrictive linear position sensors) for measuring the
stroke of any or all of the control linkage cylinders 86,
vibration sensors, wear sensors, and/or various other sensors
for monitoring the operational parameters of the blade
actuation system 40.

[0033] The controller 84 may also receive data inputs from
additional data sources 90, which are further coupled to one
or more inputs of the controller 84 and which can be
distributed across the infrastructure of the example crawler
dozer 10. The additional data sources 90 can include any
number of sensors generating data that may be utilized by
the controller 84 in performing embodiments of the below-
described auto blade pitch function. Such additional data
sources 90 can include, for example, dozer position data
received from a Global Positioning Systems (GPS) included
in a Grade Control System (GCS) installed on the crawler
dozer 10. Additionally or alternatively, the data sources 90
can include a forward-looking camera useful in estimating
the volume of material presently pushed or carried by the
blade 30 (referred to below more simply as “blade volume”).
The additional data sources 90 can include a ground prox-
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imity sensor or other sensor useful in measuring the current
cut depth of the blade 30. As a still further example, the
additional data sources 90 can include a wireless receiver,
which receives data from an external source relevant to the
operation of the crawler dozer 10, such as data pertaining to
current soil conditions.

[0034] When utilized to perform a grading operation or
similar task, the work performed with the crawler dozer 10
may be divided into multiple operational phases. These
phases may include a loading phase, a carry phase, an
offloading or “shedding” phase, and a return phase. During
the loading phase, the crawler dozer 10 is controlled such
that the blade 30 penetrates into the ground (or other
material) to a desired cut depth. Thus, during loading,
forward movement of the crawler dozer 10 will typically be
primarily resisted by the forces required to shear or dislodge
earth and introduce the displaced earth into the volume of
loose material pushed by the blade 30 of the crawler dozer
10. This antagonist force is referred to as the “cut and roll
resistance force,” while the volume of loose material ahead
of'the blade 30 is referred to as the “pile.” The force resisting
sliding movement of the pile along the ground is further
referred to herein as the “pile slide resistance force.” Finally,
the cumulative force exerted on the blade 30 through the
chassis 12, the blade control linkage 32, and the drive train
of the crawler dozer 10 is referred to herein as the “tractive
force.” These forces are labeled in FIG. 1, and the “pile”
accumulated against the blade 30 of the crawler dozer 10 is
identified by reference numeral “94.” During the loading
phase, the crawler dozer 10 will typically progress forward
when the tractive force of the crawler dozer 10 exceeds than
the summation of the cut and roll resistance force, the pile
slide resistance force, and the forces intrinsically resisting
movement of the crawler dozer 10, such as track friction, the
all-up dozer weight, the ground slope, and the like.

[0035] After the crawler dozer 10 completes a given
loading phase, the blade 30 is typically lifted such that little
to no additional earth is sheared from the ground. The
crawler dozer 10 thus enters the carry phase. During the
carry phase, the primary antagonistic force resisting forward
movement of the crawler dozer 10 will typically be the pile
slide resistance force. In this phase, the crawler dozer 10
generally progresses forward when the tractive force of the
crawler dozer 10 exceeds the pile slide resistance force and
the forces intrinsically resisting movement of the crawler
dozer 10. After pushing the pile 94 (FIG. 1) to its desired
destination, the crawler dozer 10 disengages from the pile 94
(the shedding phase). The crawler dozer 10 is then reposi-
tioned to perform another pass (the return phase), the blade
30 is again lowered into the earth, and the dozer 10 reenters
the loading phase. The previously-described work cycle is
then repeated.

[0036] While less important during the shedding and
return phases, the pitch angle of the blade 30 can have a
direct impact on work vehicle efficiency during the loading
and carry phases. It is thus desirable to maintain the blade
pitch angle within an optimal range when operating the
crawler dozer 10 through these phases. The optimal blade
pitch (0 5p7mrqr) can vary significantly and abruptly, how-
ever, in relation to changes in operative phase, cut depth,
material type, material density, moisture content, and other
dynamic factors. For this reason, the crawler dozer 10 and,
specifically, the controller 84 is advantageously configured
to perform an auto pitch control function during which
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controlled adjustments to the pitch of the blade 30 are
implemented automatically and without requiring operator
input. The below-described auto pitch control function can
be performed in an iterative manner such that the blade pitch
is repeatedly or continually adjusted to optimized angles as
the crawler dozer 10 operates and conditions affecting the
optimal blade pitch angle vary. The productivity, fuel con-
sumption, and/or other measures of the crawler dozer 10
may be improved as a result, while the workload of the
vehicle operator is reduced. Examples of such an auto pitch
control function will now be described in conjunction with
FIGS. 3-5.

[0037] FIG. 3 is a flowchart illustrating an example Auto
Pitch Control (“APC”) function 100 that can be performed
by the crawler dozer 10 and, specifically, by the controller 84
to identify and automatically implement optimized blade
pitch adjustments. The term “automatic” (and derivatives)
herein are utilized to indicate that a particular action, task, or
process is performed without requiring input from the opera-
tor of a bladed work vehicle, such as the crawler dozer 10.
For convenience of explanation, the APC function 100 is
described below primarily in conjunction with the example
crawler dozer 10 shown in FIGS. 1-2. This example not-
withstanding, it is emphasized that the APC function 100 can
be performed utilizing various other bladed work vehicles.
Additionally, it will be understood that the steps shown in
FIG. 3 (and the steps shown in FIGS. 4-5, as further
described below) can be performed in alternative orders,
certain steps may be omitted, and additional steps may be
performed in further implementations of the APC function.

[0038] The APC function 100 commences by first deter-
mining whether the remainder of the APC function 100 is
properly performed (STEP 102). In one embodiment, the
controller 84 determines whether the APC function 100 is
properly performed based upon at least two criteria. First,
the controller 84 considers whether an operator of the
crawler dozer 10 has activated or deactivated the APC
function 100 utilizing the operator controls 16. For example,
if the APC function 100 is normally activated by default, the
controller 84 can check for the presence of a flag or other
signal indicating that the operator has deactivated the APC
function 100 utilizing a physical control, by interaction with
a graphical user interface (GUI) associated with the operator
controls 16, or the like. Additionally, the controller 84 may
further determine whether the remainder of the APC func-
tion 100 should be performed based upon the current opera-
tional phase of the crawler dozer 10. Generally, it will
typically be unnecessary, and possibly undesirable, to per-
form the remainder of the APC function 100 if the crawler
dozer 10 is operating in a phase in which the blade pitch
angle has little bearing on work vehicle efficiency, such as
when the dozer 10 is operating in a shedding or return phase.
Thus, the controller 84 may determine that it is proper to
perform the remainder of the APC function only if the
crawler dozer 10 is currently operating in either a loading
phase or a carry phase. As further indicated in FIG. 3, the
controller 84 may repeatedly perform STEP 102 until deter-
mining that the remainder of the APC function 100 is
properly performed.

[0039] The controller 84 may be required to identify the
phase in which the dozer 10 is currently operating to answer
the query posed at STEP 102 (FIG. 3). Similarly, at other
steps during the processes or the sub-processes performed in
conjunction with the APC function 100, the controller 84
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may be required to identify the current operational phase of
the crawler dozer 10. The manner in which the controller 84
identifies the current operational phase of the crawler dozer
10 (or other bladed work vehicle) may vary between
embodiments. It is generally noted, however, that the con-
troller 84 can identify the current operational phase of the
crawler dozer 10 based upon one or more of the following
data inputs. First, data indicative of the current height and
cut depth of the blade 30 may be utilized to determine
whether the crawler dozer 10 is currently operating in a
loading phase or a carry phase. Such data may be provided
by one or more of the blade control linkage sensors 88
and/or by a GCS included within additional data sources 90.
The cumulative forces resisting movement of the crawler
dozer 10 may also be considered when determining the
phase in which the crawler dozer 10 is currently operating.
Generally, the forces resisting movement of the crawler
dozer 10 will be relatively high during the loading phase,
moderate during the carry phase, and relatively low during
the shedding and return phases. As a further possibility,
input data received via operator controls 16 can also be
considered during STEP 102 to determine the current opera-
tional phase of the crawler dozer 10. Image processing of the
video feed provided by a forward-looking camera included
in the additional data sources 90 can also be utilized to
determine or help determine the current operational phase of
the crawler dozer 10 in certain embodiments. In still further
embodiments, the current position of the crawler dozer 10
can be compared to the location of previous runs and/or to
a topographic map of the worksite, as stored in a GCS
system included within data sources 90. In yet further
embodiments, the current operational phase of the crawler
dozer 10 can be determined in another manner.

[0040] The current pitch angle of the blade 30 (6 -y xrznr)
is next determined during STEP 104 of the APC function
100 (FIG. 3). The current pitch angle of the blade 30
(O crmrrEnT) can be determined utilizing sensor data received
from the blade control linkage sensors 88 and/or from inputs
received via operator controls 16. Prior to, concurrent with,
or after determining the current blade pitch (0, zxzzr7) at
STEP 104, the controller 84 may further receive sensor data
indicative of a current tractive force of the crawler dozer 10
(STEP 106, FIG. 3). The received data can be indicative of
the total or cumulative tractive force of the crawler dozer 10
(TF rorur acrerar) OF @ component thereof, such as a com-
ponent of the tractive force required to overcome pile slide
resistance forces (TFg; ;nr 4crmar) OF @ component of the
tractive force required to overcome soil cut and roll resis-
tance forces (TF.r7 4corerar)- The aforementioned param-
eters are each considered a tractive force of the crawler
dozer 10 and may be generically referred to as “TF , ~7¢,4,”
Such data can be received from any number of sensors or
data sources included within the hydrostatic transmission
sensors 82, the blade control linkage sensors 88, and the
additional data sources 90 shown in FIG. 2.

[0041] The manner in which the tractive force of the
crawler dozer 10 (TF,.zr.,;) is determined may vary
amongst embodiments, as may the types of input data
utilized to calculate or otherwise determine TF ,.7,,;. By
way of non-limiting example, the total tractive force of the
crawler dozer 10 (TF 677 4c7v0.4) may be determined in
the following manner. First, the output torque at each of the
hydrostatic drive motors 78, 80 may be calculated. The
torque at each motor may be determined as the product of
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piston displacement multiplied by the pressure differential
between the high side loop and the low side loop of the
hydrostatic transmission 66. Again, such data is provided by
the transmission sensors 82 schematically illustrated in FIG.
2. An algorithm or calculation may then be performed
utilizing torque output of the hydrostatic drive motors 78, 80
to determine the ground force applied through the tracks 26.
Such an algorithm may consider sprocket diameter and the
final drive ratio of the final drives 68, 70. Additionally, and
as described more fully below in conjunction with FIG. 6,
the tractive force calculation may be adjusted to consider the
current velocity of the crawler dozer 10, the dozer weight,
the efficiency of the hydrostatic transmission 66 (e.g.,
hydraulic fluid leakage), frictional losses (e.g., a friction
co-efficient for the tracks 26), and other such factors.

[0042] The controller 84 next advances to STEP 108 of the
APC function 100. During STEP 108, the controller 84
assesses whether at least a minimum reduction in a tractive
force of the crawler dozer 10 can be achieved by rotating the
blade 30 from its current pitch angle (0, zzznr) 1O @ NEW,
optimized pitch angle (0,p77.4;7)- The controller 84 can
assess whether at least a minimum reduction in a tractive
force of the crawler dozer 10 can be achieved by rotating the
blade to an optimized pitch angle (0,p771.47) DY measure-
ment (e.g., by performing a test procedure) or by forecasting
utilizing a predictive analytical model. An example process
that can be carried-out by the controller 84 during STEP 108
(and STEP 110) of the APC function 100 to measure whether
a minimum reduction in a tractive force of the crawler dozer
10 can be achieved by rotating the blade 30 to an optimized
pitch angle (0,p5771,4;) 1s further described below in con-
junction with FIG. 5. An example process that can be
performed during STEPS 108, 110 of the APC function 100
to predict or forecast whether a minimum reduction in a
tractive force of the crawler dozer 10 can be achieved by
rotating the blade 30 to an optimized pitch angle (0 ;2 771,47)
is described below in conjunction with FIG. 5.

[0043] Advancing to STEP 110 of the APC function 100,
the controller 84 next determines whether a minimum reduc-
tion in the tractive force of the crawler dozer 10 can be
achieved by rotating the blade 30 to an optimized pitch angle
(0 oprimzar)- If determining that a minimum reduction in the
tractive force of the crawler dozer 10 can be achieved by
rotating the blade 30 to an optimized pitch angle (0 5p772747)s
the controller 84 transmits a command to the blade actuation
system 40 to rotate the blade 30 to 0,574,4,- The APC
function 100 then concludes its present iteration. If desired,
additional iterations of the APC function 100 may be per-
formed at a predetermined refresh rate or continually per-
formed such that the blade 30 is repeatedly rotated to
newly-determined optimized blade angles. In this manner,
the blade pitch angle may be repeatedly adjusted to new,
optimized blade angles in real time or near time in response
to variations in the operative conditions of the crawler dozer
10. The APC function 100 can be repeatedly performed
throughout the loading phase, the carrying phase, or both the
loading and carrying phases in embodiments, as determined
by the threshold query posed at STEP 102. Conversely, if it
is determined during STEP 110 that a minimum reduction in
the tractive force of the crawler dozer 10 cannot be achieved
by rotating the blade 30 to an optimized pitch angle
(9 oprmmzar), the controller 84 returns to STEP 102 and the
APC function 100 is repeated. Such a minimum threshold
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helps to eliminate the repeated, minor adjustments in blade
pitch angle (“blade flutter”) over multiple iterations of the
APC function 100.

[0044] Turning now to FIG. 4, an example process 120
that can be carried-out by the controller 84 during STEPS
108, 110 of the APC function 100 is set-forth. The example
process 120 can be performed during STEPS 108, 110 to
measure whether a minimum reduction in a tractive force of
the crawler dozer 10 can be achieved by rotating the blade
30 to an optimized pitch angle (0 ,p771,4;) 15 provided. The
example process 120 commences with STEP 122 during
which the blade 30 is rotated from an initial pitch angle
(B57457) In a first direction by a predetermined increment. To
provide a relatively simple example, if the blade pitch angle
is currently 60°, the controller 84 may transmit a command
to the blade actuation system 40 to rotate the blade 30 to a
test pitch angle of 61°. The controller 84 may then determine
whether at least a minimum reduction in a tractive force of
the crawler dozer 10 (e.g., the cumulative tractive force of
the dozer 10; TF ;574r 4c7r4z) has been achieved (STEP
124). Examples of manners in which the tractive force of the
crawler dozer 10 can be calculated based upon current
sensor data provided by hydrostatic transmission sensors 82,
blade control linkage sensors 88, and/or additional data
sources 90 have been described above.

[0045] If it is determined that at least a minimum reduc-
tion in a tractive force of the crawler dozer 10 has been
achieved during STEP 124 of the process 120, the controller
84 may again command the blade actuation system 40 to
rotate the blade 30 in the first direction by a predetermined
increment (STEP 126). For example, and in keeping with the
scenario above, the controller 84 may now command the
blade actuation system 40 to rotate the blade 30 to a test
pitch angle of 62°. The controller 84 may then again
determine whether at least a minimum reduction in the
tractive force of the crawler dozer 10 has been achieved
(STEP 128). If at least a minimum reduction in the tractive
force of the crawler dozer 10 has been achieved, STEP 126
and STEP 128 are repeated to continue seeking the opti-
mized pitch angle by incrementally rotating the blade 30 in
the first direction. When at least a minimum reduction in the
tractive force of the crawler dozer 10 is no longer realized
after the last blade pitch adjustment, the process 120 pro-
ceeds to STEP 130. At STEP 130, the previous test angle (or
an intermediate angle between the current blade pitch angle
and the pervious test angle) is set as optimized pitch angle
(Ooprmzar)- To continue the example presented above, if
STEP 126 and STEP 128 were repeated while rotating the
blade 30 in the first direction by 1° increments until a
minimum reduction in the dozer tractive force was no longer
achieved after rotating the blade 30 to a pitch angle of 66°,
the controller 84 concludes that the optimized pitch angle is
either: (i) the previous test angle of 65°, or (ii) an interme-
diate or “blended” angle between 65° and 66°. Controller 84
may then proceed to STEP 110 of APC function 100 (FIG.
3.

[0046] With continued reference to FIG. 4, if instead
determining that a minimum reduction in the tractive force
of'the crawler dozer 10 is not achieved during STEP 124, the
controller 84 proceeds to STEP 132. During STEP 132, the
controller 84 commands the blade actuation system 40 to
rotate the blade 30 in a second, opposing direction beyond
the starting blade pitch angle (057,z7) by a predetermined
increment. To continue the example above, the controller 84
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may rotate the blade 30 in the second direction to a pitch
angle of 59°. The controller 84 then determines whether at
least a minimum reduction in the tractive force of the
crawler dozer 10 has been achieved (STEP 134). If at least
a minimum reduction in the tractive force of the crawler
dozer 10 is not realized, then the controller proceeds to
STEP 142 with the determination that a minimum reduction
in the tractive force of the crawler dozer 10 is not achievable
by altering the pitch angle of the blade 30. The controller 84
may thus resolve that the blade 30 currently resides in an
optimized pitch angle or that a substantial gain cannot be
achieved by rotating the blade 30 to a different pitch angle.
In this case, the controller 84 returns the blade 30 to the
initial pitch angle (05, z7) and advances to STEP 102 of the
APC function 100.

[0047] If, at STEP 134 of the process 120, it is determined
that a minimum reduction in the tractive force of the crawler
dozer 10 is achieved, the controller 84 advances to STEP
136. STEPS 136, 138, and 140 are substantially identical to
STEPS 126, 128, and 130 of the process 120 with the
exception that the blade 30 is incrementally rotated through
test pitch angles in the second, rather than the first, direction.
STEPS 136, 138, and 140 will thus not be described in detail
other than to note, through the performance of these steps,
the controller 84 effectively seeks-out and identifies and an
optimized pitch angle (0,p75,,;) for the blade 30. After
identification of the optimized pitch angle (0,p771,4;), the
controller 84 advances to STEP 110 of the APC function
100. The process 120 thus concludes and may further be
repeated during each iteration of the APC function 100,
whether the APC function 100 is performed throughout a
selected phase or phases (e.g., throughout the carry and/or
loading phases) or instead performed only at the beginning
of a selected phase or phases.

[0048] Referring now to FIG. 5, there is shown a second
example process 150 suitable for performance by the con-
troller 84 during STEPS 108, 110 of the APC function 100.
In contrast to the example process 120 described above in
conjunction with FIG. 4, the example process 150 does not
entail a testing procedure during which an optimized blade
pitch angle is physically sought-out through iterative blade
pitch angle adjustments and corresponding measurements.
Instead, the example process 120 can be performed during
STEPS 108, 110 of the APC function 100 to predict or
forecast whether a minimum reduction in a tractive force of
the crawler dozer 10 can be achieved by rotating the blade
30 to an optimized pitch angle (0,p772047)-

[0049] To commence the process 150, the controller 84
determines whether the crawler dozer 10 is currently oper-
ating in either a loading or carry phase (STEP 152, FIG. 5).
If determining that the crawler dozer 10 is not operating in
either a loading or carry phase, the controller 84 concludes
that a minimum reduction in the tractive force of the crawler
dozer 10 cannot be achieved by adjusting the blade pitch
angle (STEP 154, FIG. 5). The controller 84 thus proceeds
to STEP 102 of the APC function 100 described above in
conjunction with FIG. 3. Conversely, if instead determining
that the crawler dozer 10 is operating in either a loading or
carry phase, the controller 84 advances to STEP 156 of the
process 150. During STEP 156, the controller 84 determines
whether the crawler dozer 10 is currently operating in either
a carry phase or a loading phase and, therefore, whether a
carry phase sub-process or a loading phase sub-process is
appropriately performed. The carry phase sub-process is
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generally identified by a labeled bracket on the left side of
FIG. 5, while the loading phase sub-process is identified by
a labeled bracket on the right side of the drawing figure. The
controller 84 can determine the appropriately performed
sub-process by establishing whether the crawler dozer 10 is
currently operating in a carry phase during STEP 156 of the
example process 150. This determination can be made based
upon cut depth of the blade 30 and/or any of the additional
factors described above in conjunction with FIG. 3.

[0050] If, during STEP 156 of the example process 150, it
is determined that the crawler dozer 10 is currently operating
in a carry phase, the controller 84 progresses to STEP 158
included in the carry phase sub-process of the process 150.
During STEP 158, the controller 84 estimates the current
blade volume (BLADE ., » ;) of the pile 94 (FIG. 1) in
contact with the blade 30. The controller 84 may estimate the
current blade volume (BLADE ., , ;) utilizing force data
provided by the blade control linkage sensors 88, by image
processing of an image provided by a forward-looking
camera included in the data sources 90, and/or other sensor
data. Additionally or alternatively, the controller 84 may
estimate the current blade volume (BLADE ., ;) by
integrating the cut volume over time. Specifically, the con-
troller 84 may estimate the current blade volume (BLADE-
cur vor) based upon the cut depth of the blade 30 and the
distance over which the blade 30 has traveled, while cutting
into the ground during the present loading phase. The
distance over which the blade 30 has traveled can be
determined, in turn, as a product of the duration of the
current loading phase multiplied by the velocity of the
crawler dozer 10.

[0051] After estimating the current blade volume (BLA-
DEcpz vor) the controller 84 then utilizes an adaptive carry
model to establish an expected tractive force of the crawler
dozer. The expected tractive force established during STEP
160 can be the cumulative tractive force of the crawler dozer
10 (TF yor4r zxpecren) OF, instead, a component thereof. In
one embodiment, and as indicated in FIG. 5, the controller
84 determines the expected tractive force of the crawler
dozer 10 required to overcome the pile slide resistance
forces (TFq;;pz zvprcrep) during STEP 160 the carry
phase sub-process of the process 150. In many cases, the
expected tractive force of the crawler dozer 10 required to
overcome the pile slide resistance forces (TF will be similar
or substantially equivalent to (TFg,;nr zvprcren) the
cumulative tractive force of the crawler dozer 10 (TF yoz,;
exeecrep) during the carrying phase as the cut depth of the
blade 30 will typically be zero or substantially zero.

[0052] The expected tractive force of the crawler dozer 10
required to overcome the pile slide resistance forces (TF-
s1pE Expecrep) can be determined based, at least in part,
on the current blade volume (BLADE ., » y(,) and adaptive
inputs fed into the adaptive carry model (STEP 160). As
indicated in FIG. 5 by double-headed arrow 162, the adap-
tive inputs consider by the controller 84 during STEP 160
can include any combination of environmental conditions,
variations in hydrostatic transmission inefficiencies, and
variations in friction coefficient of the crawler dozer 10.
Such an adaptive model should be contrasted within closed
loop proportional—integral—derivative (PID) control
schemes that do not evolve or learn over time. By consid-
ering such adaptive inputs, the adaptive carry model can
effectively adjust or learn over time for increased accuracy
in projecting T¥; ;rr zyprerep Under a given set of criteria.
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For example, if the hydrostatic transmission 66 of the
crawler dozer 10 should become less efficient over time due
to increased leakage or for another reason, this may be
considered by the adaptive carry model during STEP 160 of
the example process 150. In other embodiments, the con-
troller 84 may determine TFg; - zyvprcrep solely as a
function of the current blade volume (BLADE 1z yor)
and/or other sensor inputs provided to the controller 84. The
adaptive carrying model may thus generally be described as
containing data correlating an expected tractive force of the
crawler dozer 10 (e.g., TV 7577 rxrecren O Trsimpe £x
pecTED) 1o the current blade volume (BLADE . » o)

[0053] Continuing with the example process 150 shown in
FIG. 5, the controller 84 next determines whether the
difference between TV, ;nr pxprerep and the actual trac-
tive force of the crawler dozer 10 currently required to
overcome the pile slide forces (TFg; ;1r 4orrar) €Xceeds a
minimum threshold value (STEP 164). TF, ;rz sorene a0
be determined based upon sensor data, as generally
described above. If the difference between TFg ;np px-
pecrep and TF g e oo Tails to exceed the minimum
threshold value, the controller 84 proceeds to STEP 166 and
concludes that a minimum reduction in the tractive force of
the crawler dozer 10 is not achievable through an adjustment
in the blade pitch angle. Accordingly, the controller 84
advances to STEP 102 of the APC function 100, as previ-
ously described. Otherwise, the controller 84 process to
STEP 168 of the example process 150. During STEP 168,
the controller 84 determines the optimized pitch angle
(O oprmear) as a function of the difference between differ-
ence between TV, /1y evprcrer a0d T g rpp screny of the
crawler dozer 10, as well as the current pitch angle of the
blade 30 (0,;zrzy7)- The controller 84 can utilize any
suitable formula or algorithm, a multi-dimensional look-up
table, or another logic tool for making this determination.
Generally, the larger the disparity between TFg ;np zx-
pecrep and TFg ,nr scoroars the greater the difference
between 0,prpay Ad 0o mrens The controller 84 next
proceeds to STEP 112 of the APC function 100 during which
the controller 84 transmits a command to the blade actuation
system 40 to rotate the blade 30 to O p7yaz47-

[0054] If determining during STEP 156 of the example
process 150 that the crawler dozer 10 is not currently
operating in a carry phase, the controller 84 performs the
loading phase sub-process illustrated on the right side of
FIG. 5. During this sub-process, and referring now to STEP
170 shown in FIG. 3, the controller 84 first estimates the
actual tractive force component required to overcome the
soil cut and roll resistance forces (TFopr 4o774,)- This
estimation can be made by first calculating the total tractive
force of the crawler dozer 10 (TF sry; 4corrn4r) and then
subtracting therefrom the tractive force required to over-
come the pile slide resistance forces (TFq ;rz scrrrar)-
TFsz7pE acroar ©an be estimated or calculated based, at
least in part, on an estimated current blade volume (BLA-
DEyr vor) as previously described in conjunction with
STEP 158 of FIG. 5. Stated differently, during STEP 170, the
controller 84 can deduce TF .. , 774z DY first establishing
the current total tractive force of the bladed work vehicle
(TF porur acrerar) and subsequently establishing a tractive
force component required to overcome pile slide resistance
forces (I¥szipr_acrvar)- TF cur acruvar may then be esti-
mated as a function of the difference between TF 7,

acruar 34 TV s e scroar-
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[0055] Next, at STEP 172, the controller 84 utilizes an
adaptive loading model to determine the expected tractive
force component required to overcome the soil cut and roll
resistance forces (TF .7 zyvprcorep) based, at least in part,
on the current cut depth of the blade 30 and the adaptive
inputs 162. The current cut depth of the blade 30 can be
determined utilizing sensor data indicative of the current
blade height, force sensor data, image processing of a video
feed provided by a forward-looking camera, and/or utilizing
other data supplied by the sensors of the crawler dozer 10.
Additionally or alternatively, the controller 84 may estimate
the current blade volume (BLADE .,z ;;) by integrating
the cut volume over time in a manner similar to that
discussed above in conjunction with STEP 158 of process
150. As further indicated in FIG. 5 by double-headed arrow
162, the adaptive inputs 162 applied to the adaptive loading
model can be identical or similar to those applied to the
adaptive carry model described above in conjunction with
STEP 160. Thus, such adaptive inputs can include, but are
not limited to, environmental conditions, variations in
hydrostatic transmission inefficiencies, and variations in
friction coefficient of the crawler dozer 10. The adaptive
loading model may thus generally be described as contain-
ing data correlating an expected tractive force of the of the
crawler dozer 10 (e.g., TF .1,y zyvprcorep) to the current cut
depth of the blade 30. -

[0056] Advancing to STEP 174 of the example process
150, the controller 84 now determines whether the difference
between the expected tractive force required to overcome
the soil cut and roll forces (TF -7 gxprcrep) and the actual
tractive force required to overcome the soil cut and roll
forces (TF crr 4orerar) €Xceeds a minimum threshold value.
If this is the case, the controller 84 proceeds to STEP 166
and concludes that a minimum reduction in the tractive force
of the crawler dozer 10 is not achievable through a blade
pitch angle adjustment. Accordingly, the controller 84
advances to STEP 102 of the APC function 100, and the
example process 150 concludes. Conversely, if determining
that the difference between TF .7 ryprcrep a0d TFrr
scroar €xceeds the minimum threshold value, the controller
84 continues to STEP 176 of the example process 150.
During STEP 168, the controller 84 determines the opti-
mized pitch angle (0 ,-7,,;) as a function of the difference
between TF -7 zvpecrer A0 TF o 4 crear, as well as the
current pitch angle of the blade 30 (0., zrzng). 1IN an
embodiment, the controller 84 establishes the optimized
pitch angle (0 5p771,4;) by inputting the differential between
TF corr expecrep a0d T oy 40704, and the current pitch
angle of the blade 30 (0. zrznr) Into a formula, a multi-
dimensional look-up table, or another logic tool. After
establishing the optimized pitch angle (0 ,p747 ), the con-
troller 84 proceeds to STEP 112 of the APC function 100 to
implement the corresponding blade pitch adjustment.

[0057] The foregoing has thus described systems and
methods for automatically adjusting blade pitch in dozers,
graders, and other bladed work vehicles. For example,
embodiments of an auto pitch control function have been
provided, which are useful in assessing whether a minimum
reduction in the tractive force of a bladed work vehicle can
be realized by rotating the blade to an optimized pitch angle.
In certain embodiments, this assessment is accomplished by
rotating the blade through a number of test angles, measur-
ing an actual tractive force of the work vehicle at each test
angle, and then utilizing the gathered data (e.g., comparing
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the measured tractive forces) to arrive at the optimized pitch
angle (0op7az47)- In other embodiments, the determination
of whether a minimum reduction in tractive force can be
achieved by rotating the blade to a new optimal blade pitch
angle may be predicted or forecast utilizing sensor data and
virtual modeling techniques. In either case, the controller
may transmit a command to the blade actuation system to
implement a blade pitch adjustment when predicting that a
minimum reduction in a tractive force of the work vehicle
can be achieved through such a blade pitch adjustment. By
continually optimizing the blade pitch angle in this manner,
embodiments of the systems and methods can improve the
overall efficiency of the bladed work vehicle, while helping
to reduce the workload of a vehicle operator.

[0058] As will be appreciated by one skilled in the art,
certain aspects of the disclosed subject matter can be embod-
ied as a method, system (e.g., a work vehicle control system
included in a work vehicle), or computer program product.
Accordingly, certain embodiments can be implemented
entirely as hardware, entirely as software (including firm-
ware, resident software, micro-code, etc.) or as a combina-
tion of software and hardware (and other) aspects. Further-
more, certain embodiments can take the form of a computer
program product on a computer-usable storage medium
having computer-usable program code embodied in the
medium.

[0059] Any suitable computer usable or computer read-
able medium can be utilized. The computer usable medium
can be a computer readable signal medium or a computer
readable storage medium. A computer-usable, or computer-
readable, storage medium (including a storage device asso-
ciated with a computing device or client electronic device)
can be, for example, but is not limited to, an electronic,
magnetic, optical, electromagnetic, infrared, or semiconduc-
tor system, apparatus, or device, or any suitable combination
of the foregoing. More specific examples (a non-exhaustive
list) of the computer-readable medium would include the
following: an electrical connection having one or more
wires, a portable computer diskette, a hard disk, a random
access memory (RAM), a read-only memory (ROM), an
erasable programmable read-only memory (EPROM or
Flash memory), an optical fiber, a portable compact disc
read-only memory (CD-ROM), an optical storage device. In
the context of this document, a computer-usable, or com-
puter-readable, storage medium can be any tangible medium
that can contain, or store a program for use by or in
connection with the instruction execution system, apparatus,
or device.

[0060] A computer readable signal medium can include a
propagated data signal with computer readable program
code embodied therein, for example, in baseband or as part
of a carrier wave. Such a propagated signal can take any of
a variety of forms, including, but not limited to, electro-
magnetic, optical, or any suitable combination thereof. A
computer readable signal medium can be non-transitory and
can be any computer readable medium that is not a computer
readable storage medium and that can communicate, propa-
gate, or transport a program for use by or in connection with
an instruction execution system, apparatus, or device.
[0061] Aspects of certain embodiments are described
herein can be described with reference to flowchart illustra-
tions and/or block diagrams of methods, apparatus (systems)
and computer program products according to embodiments
of the invention. It will be understood that each block of any
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such flowchart illustrations and/or block diagrams, and
combinations of blocks in such flowchart illustrations and/or
block diagrams, can be implemented by computer program
instructions. These computer program instructions can be
provided to a processor of a general purpose computer,
special purpose computer, or other programmable data pro-
cessing apparatus to produce a machine, such that the
instructions, which execute via the processor of the com-
puter or other programmable data processing apparatus,
create means for implementing the functions/acts specified
in the flowchart and/or block diagram block or blocks.

[0062] These computer program instructions can also be
stored in a computer-readable memory that can direct a
computer or other programmable data processing apparatus
to function in a particular manner, such that the instructions
stored in the computer-readable memory produce an article
of manufacture including instructions which implement the
function/act specified in the flowchart and/or block diagram
block or blocks.

[0063] The computer program instructions can also be
loaded onto a computer or other programmable data pro-
cessing apparatus to cause a series of operational steps to be
performed on the computer or other programmable appara-
tus to produce a computer implemented process such that the
instructions which execute on the computer or other pro-
grammable apparatus provide steps for implementing the
functions/acts specified in the flowchart and/or block dia-
gram block or blocks.

[0064] Any flowchart and block diagrams in the figures, or
similar discussion above, can illustrate the architecture,
functionality, and operation of possible implementations of
systems, methods and computer program products according
to various embodiments of the present disclosure. In this
regard, each block in the flowchart or block diagrams can
represent a module, segment, or portion of code, which
comprises one or more executable instructions for imple-
menting the specified logical function(s). It should also be
noted that, in some alternative implementations, the func-
tions noted in the block (or otherwise described herein) can
occur out of the order noted in the figures. For example, two
blocks shown in succession (or two operations described in
succession) can, in fact, be executed substantially concur-
rently, or the blocks (or operations) can sometimes be
executed in the reverse order, depending upon the function-
ality involved. It will also be noted that each block of any
block diagram and/or flowchart illustration, and combina-
tions of blocks in any block diagrams and/or flowchart
illustrations, can be implemented by special purpose hard-
ware-based systems that perform the specified functions or
acts, or combinations of special purpose hardware and
computer instructions.

[0065] The terminology used herein is for the purpose of
describing particular embodiments only and is not intended
to be limiting of the disclosure. As used herein, the singular
forms “a”, “an” and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise.
It will be further understood that the terms “comprises”
and/or “comprising,” when used in this specification, specify
the presence of stated features, integers, steps, operations,
elements, and/or components, but do not preclude the pres-
ence or addition of one or more other features, integers,
steps, operations, elements, components, and/or groups
thereof.
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[0066] The description of the present disclosure has been
presented for purposes of illustration and description, but is
not intended to be exhaustive or limited to the disclosure in
the form disclosed. Many modifications and variations will
be apparent to those of ordinary skill in the art without
departing from the scope and spirit of the disclosure. Explic-
itly referenced embodiments herein were chosen and
described in order to best explain the principles of the
disclosure and their practical application, and to enable
others of ordinary skill in the art to understand the disclosure
and recognize many alternatives, modifications, and varia-
tions on the described example(s). Accordingly, various
embodiments and implementations other than those explic-
itly described are within the scope of the following claims.

What is claimed is:

1. A method for automatically adjusting blade pitch in a
bladed work vehicle including a blade, a blade actuation
system coupled to the blade, and one or more controllers
coupled to the blade actuation system, the method compris-
ing:

estimating, by the one or more controllers, a current

tractive force of the work vehicle;

establishing, by the one or more controllers, whether the

current tractive force of the work vehicle can be
reduced by rotating the blade to an optimized pitch
angle; and

when establishing that the current tractive force of the

work vehicle can be reduced by rotating the blade to an
optimized pitch angle, transmitting a command from
the one or more controllers to the blade actuation
system to rotate the blade to the optimized pitch angle.

2. The method of claim 1, wherein establishing com-
prises:

establishing, by the one or more controllers, an expected

tractive force of the work vehicle; and

determining, by the one or more controllers, that the

current tractive force of the work vehicle can be
reduced by rotating the blade to an optimized pitch
angle when the current tractive force of the work
vehicle exceeds the expected tractive force of the work
vehicle by at least a minimum differential.

3. The method of claim 2, wherein determining further
comprises determining, by the one or more controllers, the
optimized pitch angle at least partially based on a difference
between the current tractive force of the work vehicle and
the expected tractive force of the work vehicle.

4. The method of claim 1, wherein, in establishing
whether the current tractive force of the work vehicle can be
reduced by rotating the blade to an optimized pitch angle,
the one or more controllers:

identify whether the work vehicle is currently operating in

either a loading phase or a carry phase;

establish the optimized pitch angle by a first model when

the work vehicle is currently operating in a loading
phase; and

establish the optimized pitch angle by a second model

different than the first model when the work vehicle is
currently operating in a carry phase.

5. The method of claim 4, wherein the first model com-
prises data correlating expected tractive force to cut depth.

6. The method of claim 4, wherein the second model
comprises data correlating expected tractive force to blade
volume.
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7. The method of claim 4, further comprising:

estimating, by the one or more controllers, a current cut

depth of the blade; and

determining, by the one or more controllers, whether the

work vehicle is currently operating in a loading phase
or a carry phase at least partially based on the estimated
current cut depth of the blade.

8. The method of claim 1, further comprising:

identifying, by the one or more controllers, when the work

vehicle is currently operating in a loading phase; and
when the work vehicle is currently operating in a loading
phase, by the one or more controllers to perform a
loading phase sub-process comprising:
estimating a current tractive force component of the
work vehicle required to overcome soil cut and roll
resistance forces (TF..r 4corrur);
establishing an expected tractive force component of the
work vehicle required to overcome soil cut and roll
resistance forces (TF orp zxprcrep); and

determining that the current tractive force of the work

vehicle can be reduced by rotating the blade to an
optimized pitch angle when TF ., ;o704 €Xceeds
TF cor mxprcren by @ minimum differential.

9. The method of claim 8, wherein establishing TF .,
sxpecren comprises establishing TF ..y zypscren 3 a
function of the current cut depth of the blade.

10. The method of claim 1, further comprising:

identifying, by the one or more controllers, when an auto

pitch control function is active; and

repeating the steps of estimating, establishing, and trans-

mitting until the auto pitch control function is deacti-
vated.

11. The method of claim 1, wherein, in establishing
whether the current tractive force of the work vehicle can be
reduced by rotating the blade to an optimized pitch angle,
the one or more controllers:

command the blade actuation system to rotate the blade to

a plurality of test pitch angles, while receiving data
indicative of a tractive force of the work vehicle at each
of the plurality of test pitch angles; and

determine the optimized pitch angle at least partially

based on one or more of the plurality of test pitch
angles at which the tractive force of the work vehicle is
the least.

12. The method of claim 1, further comprising:

identifying, by the one or more controllers, whether the

work vehicle is currently operating in either a loading
phase or a carry phase;
transmitting a command from the one or more controllers
to the blade actuation system to rotate the blade to a
first optimized pitch angle if the work vehicle is cur-
rently operating in the loading phase; and

transmitting a command from the one or more controllers
to the blade actuation system to rotate the blade to a
second optimized pitch angle if the work vehicle is
currently operating in the loading phase, the second
optimized pitch angle different than the first optimized
pitch angle.

13. A method for automatically adjusting blade pitch in a
work vehicle including a blade, a blade actuation system
coupled to the blade, and one or more controllers coupled to
the blade actuation system, the method comprising:

identifying, by the one or more controllers, when the work

vehicle is currently operating in a loading phase; and
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executing a loading phase algorithm by the one or more
controllers when identifying that the work vehicle is
currently operating in a loading phase, the loading
phase algorithm comprising:
estimating a tractive force component required to over-
come soil cut and roll resistance forces (TForp 4o
TUA4L); -
determining a blade pitch adjustment at least partially
based on TF -7 4orrrar; and
transmitting a command to the blade actuation system to
implement the blade pitch adjustment.
14. The method of claim 13, wherein the one or more
controllers estimate TF o7 4core4z bY:
establishing the current total tractive force of the work
vehicle (TF75747);
establishing a tractive force component required to over-
come pile slide resistance forces (TFg; ;e 4orrar)s
and -
estimating TF ..+ ,crr4; based, at least in part, on a
differential between TF 7oz, and TF s op ucrrnr-
15. The method of claim 13, further comprising:
determining, by the one or more controllers, an expected
tractive force component required to overcome soil cut
and roll resistance forces (TF oy pxproren):
establishing, by the one or more controllers, a current
tractive force component required to overcome soil cut
and roll resistance forces (TF ..+ ,orr4r); and
determining, by the one or more controllers, the blade
pitch adjustment based, at least in part, on a difference
between TV corr yorvar a0d TV e pxppcren-
16. The method of claim 15, wherein determining TF .,
ExpECrEp COMPrises:
estimating, by the one or more controllers, a current cut
depth of the blade; and
establishing, by the one or more controllers, T .7 zy
pecTED as a function of the current cut depth of the
blade.
17. The method of claim 13, wherein determining the
blade pitch adjustment further comprises:
recalling from memory a virtual loading model correlat-
ing blade cut depth to a range of expected tractive force
components required to overcome soil cut and roll
resistance forces; and
determining the blade pitch adjustment by the virtual
loading model and a current cut depth of the blade, as
estimated by the one or more controllers.
18. A bladed work vehicle, comprising:
a blade having a pitch angle;
a blade actuation system coupled to the blade and con-
figured to adjust the pitch angle thereof;
one or more sensors configured to provide data indicative
of a current tractive force of the work vehicle; and
one or more controllers coupled to the blade actuation
system and to the one or more sensors, the one or more
controllers including instructions for the execution of
an auto pitch control function during which the one or
more controllers:
receive sensor data from the one or more sensors
indicative of a current tractive force of the work
vehicle;
determine whether the current tractive force of the
work vehicle can be reduced by rotating the blade to
an optimized pitch angle by the sensor data; and
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when determining that the current tractive force of the
work vehicle can be reduced by rotating the blade to
an optimized pitch angle, automatically transmit a
command from the one or more controllers to the
blade actuation system to rotate the blade to the
optimized pitch angle.
19. The bladed work vehicle of claim 18, wherein the one
or more controllers further:
identify when the work vehicle is currently operating in a
loading phase; and
execute a loading phase algorithm when identifying that
the work vehicle is currently operating in a loading
phase;
wherein the load phase algorithm comprises:
estimating a tractive force component required to over-
come soil cut and roll resistance forces (TF ., ,
TUA4L); -
determining a blade pitch adjustment at least partially
based on TFipp 4eqrs4r; and
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transmitting a command to the blade actuation system to
implement the blade pitch adjustment.

20. The bladed work vehicle of claim 18, wherein the one
or more controllers further:

identify when the work vehicle is currently operating in a
loading phase;

transmit a command from the one or more controllers to
the blade actuation system to rotate the blade to a first
optimized pitch angle if the work vehicle is currently
operating in the loading phase; and

transmit a command from the one or more controllers to
the blade actuation system to rotate the blade to a
second optimized pitch angle if the work vehicle is
currently operating in the loading phase, the second
optimized pitch angle different than the first optimized
pitch angle.
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