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FIGURE 2

(57) Abstract: A method and system that compensates for kinematic accelerations influencing a sensor measurement of working
equipment such as an excavator. The method and system identity members of the working equipment that are movable relative to
each other (e.g. stick, boom, bucket) and define a co-ordinate frame for each movable member. A kinematic relationship, preferably

O a kinematic chain. The sensor measurement is then modified according to the kinematic relationships and the relative position of

W

each identified member.
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DYNAMIC MOTION COMPENSATION

FIELD OF THE INVENTION

[0001] The invention relates to dynamic motion compensation. In particular,
the invention relates, but is not limited, to compensating sensor measurements,
such as inclinometer measurements, for unwanted variances due to dynamic
movements such as, for example, when a vehicle or portions of a vehicle are
moving.

BACKGROUND TO THE INVENTION

[0002] Reference to background art herein is not to be construed as an
admission that such art constitutes common general knowledge.

[0003] Precision machine guidance is becoming increasingly common in
many industries, primarily due to productivity improvements that can be
obtained with the assistance of accurate machine control systems. In civil
construction and mining machinery such as excavators, dozers, and graders
can all benefit from precision machine guidance and control.

[0004] Machines equipped with precision guidance require drastically
reduced interaction with surveyors on site, as the precision guidance
equipment is able to compute the position of a working edge (e.g. of an
excavator bucket or a dozer blade) with respect to a reference, such as a string
line. Where the machine is also equipped with a precision positioning system
such as a Global Navigation Satellite Systems (GNSS) Real Time Kinematic

(RTK) system, or an optical instrument such as a total station, the need for a
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surveyor working on site is reduced significantly or, in some cases, able to be
eliminated entirely.

[0005] Real-time feedback of the position of the working edge also allows
an operator of a machine to be more efficient through fast identification of
material to be moved (e.g. cut or filled) and in reducing re-work required to
obtain a desired outcome. Even more advanced applications that rely on
precise and timely positioning include semi-automatic or fully automatic control
of the working equipment, which further enhances the speed at which the
machines can work and reduces the training and experience required by an
operator to control the machinery.

[0006] Civil construction and mining sites often require centimetre, or even
millimetre, precision. Such high precision needs directly impacts the
performance requirements of guidance equipment and constant improvements
are sought to increase accuracy at a reasonable cost.

[0007] Many successful machine guidance solutions on the market, such as
the Leica Geosystems iCON Excavate iXE3 system, consists of inclinometers
or accelerometers mounted to movable members of a machine, such as an arm
of an excavator having a boom, stick, and bucket. The inclinometers measure
a local gravity vector in the coordinate frame of the member to which it is
attached, and thus it is possible to calculate the angle of that member with
respect to a vertical axis. Knowledge of the angle of each movable member,

together with the position and orientation (pitch, roll, and heading) of the
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chassis and the geometry of the machine allow the position of a working edge
(e.g. the lip of an excavator bucket) to be calculated.

[0008] Current systems typically have good static performance, i.e.
determining a position when there is no movement, but very poor dynamic
performance, i.e. determining a position when there is movement. In typical
usage, an operator has to pause periodically to allow the equipment to stabilise
in order to get an accurate position measurement. Depending on the action
being undertaken, several pauses may be needed. Such periods of inactivity
obviously reduce efficiency as they reduce the amount of time for which
equipment can be working.

[0009] While direct measurement of member positions may be measured
using, for example, rotary or angle encoders or the like, such sensors are
difficult to retrofit to a machine and are subject to maintenance and calibration.
Accordingly, such direct measurement systems are usually not practical or
commercially viable for after-market guidance systems and most systems
therefore rely on inclinometers for angular measurements.

[0010] The root cause of the poor dynamic performance of an inclinometer-
based measurement system is due to measurements of a gravity vector being
corrupted by accelerations, shocks, and vibration caused by the movement of
the machine and its movable members.

[0011] This effect is observed in the aerospace industry where a
manoeuvring aircraft can induce significant errors into a measurement of the

gravity vector. The solution adopted by the aerospace industry is to utilise
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gyroscopes, which measure the rate of change of angle with time, whose
measurements are accumulated to track the angle. Since the accumulation of
gyro measurements will also accumulate errors, the calculated angle is slowly
steered to the measurements of the gravity vector. This complementary
arrangement of sensors is known as an Attitude and Heading Reference
System (AHRS).

[0012] The recognition that gyroscope measurements can help improve the
dynamic performance of a machine guidance solution is slowly finding its way
into products on the market. Whilst the inclusion of the gyros improves the
performance of inclinometers, merely smoothing variations in the gravity vector
offers suboptimal performance. That is, the accuracy of the solution is still
limited by the quality of inclinometers and the associated measurement of the
gravity vector, since the accumulated noise, bias, and other sensor errors from
the gyroscopes eventually cause the angle to drift. Even with perfect
inclinometer measurements, induced accelerations caused by movement will
ultimately limit the performance of such a system.

[0013] It is therefore desirable to understand the cause and effect of
accelerations induced on inclinometer measurements. If the induced
accelerations can be identified, quantified, and observed, then the

measurements of the gravity vector can be duly compensated.
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OBJECT OF THE INVENTION

[0014] Itis an aim of this invention to provide dynamic motion compensation
which overcomes or ameliorates one or more of the disadvantages or problems
described above, or which at least provides a useful alternative.

[0015] Other preferred objects of the present invention will become
apparent from the following description.

SUMMARY OF INVENTION

[0016] In one form, although it need not be the only or indeed the broadest
form, there is provided a method of providing compensation for kinematic
accelerations influencing a sensor measurement of working equipment, the
method comprising:

identifying one or more members of the working equipment that are
movable relative to each other;

defining a co-ordinate frame for each movable member;

determining kinematic relationships for each co-ordinate frame;

determining the relative position of each identified member;

modifying the sensor or sensor measurement according to the
kinematic relationships and relative position of each identified member.
[0017] Preferably, the step of determining the relative position of each
identified member comprises determining the angle of each identified member.
Preferably, the step of modifying the sensor or sensor measurement further

comprises modifying the sensor or sensor measurement according to at least
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one of the group of measured: linear acceleration, angular rate, or angular
acceleration.

[0018] Preferably the step of determining kinematic relationships for each
co-ordinate frame comprises determining a kinematic chain. Preferably the
step of determining a kinematic chain comprises successively determining
kinematic relationships from a first movable member to a final movable
member. Preferably the kinematic relationship for subsequent movable
members is dependent upon the kinematic relationship of a previous movable
member.

[0019] Preferably, the step of determining a kinematic chain comprises
determining kinematic relationships between a set of mechanically coupled
linkages wherein each linkage is connected to a plurality of adjacent linkages.
[0020] Preferably the step of modifying the sensor or sensor measurement
according to the kinematic relationships and relative position of each identified
member comprises utilising a time derivative of the relative position of each
identified member. Preferably, utilising a time derivative of the relative position
of each identified member comprises utilising at least one second or higher
time derivative.

[0021] Preferably the sensor measurement is a measurement from an
inclinometer sensor. The inclinometer sensor may be an accelerometer sensor.
Alternatively, the inclinometer sensor may be a sensor that measures one or
more angles with respect to a local vertical. Preferably the co-ordinate frames

are Cartesian co-ordinate frames. Preferably the co-ordinate frames have
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three dimensions, preferably a Cartesian co-ordinate frame having three
orthogonal axes.

[0022] Preferably the step of modifying the sensor or sensor measurement
comprises compensating for one or more of linear acceleration, acceleration
with respect to a rotating frame, and fictitious forces. Preferably the fictitious
forces comprise one or more of centrifugal acceleration, Coriolis acceleration,
and Euler acceleration. Preferably, the step of modifying the sensor or sensor
measurement comprises using measurements from one or more angular rate
sensors or one or more angular acceleration sensors. The step of modifying
the sensor or sensor measurement may comprise using measurements from a
plurality of sensors attached to spatially diverse locations on a movable
member

[0023] The step of defining a co-ordinate frame for each movable member
may comprise the step of defining a co-ordinate frame for one or more sensors
associated with the movable members. The step of modifying the sensor or
sensor measurement according to the kinematic relationships and relative
position of each identified member may further comprise modifying the sensor
or sensor measurement according to the one or more sensors associated with
the movable member and the co-ordinate frame for the one or more sensors
associated with the movable members.

[0024] Preferably the method further comprises the step of determining a
displacement between the co-ordinate frame of a movable member and the co-

ordinate frame of a sensor of the movable member. Preferably the method
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further comprises the step of determining an angular offset between axes of the
co-ordinate frame of a movable member and the co-ordinate frame of a sensor
for, preferably attached to, the movable member.

[0025] The step of defining a co-ordinate frame for each movable member
preferably comprises defining a co-ordinate frame for a joint associated with the
movable member. The step of determining the relative position of each
identified member may further comprise determining an angle of each joint
between movable members.

[0026] Preferably the step of determining kinematic relationships for each
co-ordinate frame comprises successively determining kinematic relationships
from a first movable member to a final movable member.

[0027] The sensor may be located on the chassis. The method preferably
further comprises defining a co-ordinate frame for a chassis of the working
equipment.

[0028] Preferably the method further comprises determining a position of a
working edge. Preferably the step of determining a position of a working edge
comprises using the modified sensor measurement to determine the position of
the working edge. Preferably the step of determining a position of the working
edge comprises determining angles between adjacent movable members.
Preferably determining angles between adjacent movable members comprises
accounting for kinematic effects. Determining angles between adjacent
movable members may comprise using a coarse levelling algorithm and

accounting for kinematic effects.
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[0029] Preferably determining angles between adjacent movable members
comprises using an attitude and heading reference system (AHRS) and
accounting for kinematic effects. Preferably the step of using an AHRS
comprises using a recursive estimation technique. Preferably the step of using
an AHRS comprises using one of the families of complementary filters, Kalman
filters, Extended Kalman Filters, Sigma-point Kalman filters, Ensemble Kalman
filters, and particle filters. Accounting for kinematic effects may comprise
compensating sensor measurements for kinematic accelerations. Accounting
for kinematic effects may comprise ignoring sensor measurements when
appreciable kinematic accelerations are determined to be over a predetermined
level.
[0030] According to another form, there is provided a system that
compensates one or more sensor measurement of working equipment for
kinematic accelerations, the system comprising:
working equipment having one or more members that are movable
relative to each other; and
a processor in communication with the sensor that is configured to:

take a sensor measurement;

obtain a co-ordinate frame for each movable member;

obtain a kinematic relationship for each co-ordinate frame;

determine the relative position of the movable members; and
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modify the sensor or sensor measurement according to the
kinematic relationships and relative position of each identified member to
account for the kinematic accelerations.
[0031] Preferably, the sensor comprises one or more sensors mounted to
one or more of the plurality of members that are movable relative to each other.
Preferably, determining the relative position of the movable members
comprises determining the angle of each identified member. Preferably, the
processor is further configured to determine at least one of the group of
measured: linear acceleration, angular rate, or angular acceleration; and to
modify the sensor or sensor measurement using the determined linear
acceleration, angular rate, and/or angular acceleration.
[0032] Preferably the working equipment comprises a chassis and the
sensor is located on the chassis. Preferably the processor is located on the
working equipment. Preferably the processor comprises an embedded system.
Preferably the embedded system comprises a microcontroller.
[0033] Preferably the processor is configured to obtain a stored co-ordinate
frame for each movable member. Preferably the processor is configured to
obtain a stored kinematic relationship for each co-ordinate frame.
[0034] Preferably, the working equipment is a construction vehicle,
agriculture vehicle or mining vehicle. Even more preferably, the vehicle is one
of excavator, dozer, grader, loader, snow groomer, dragline, tractor, backhoe,

harvester, crane, drill or shovel. Preferably the working equipment is an
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excavator and preferably the one or more movable members comprise a boom,
stick, and/or bucket.

[0035] Further features and advantages of the present invention will
become apparent from the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0036] By way of example only, preferred embodiments of the invention will
be described more fully hereinafter with reference to the accompanying figures,
wherein:

[0037] Figure 1 illustrates a high level flow chart illustrating a method of
compensating a sensor measurement for kinematic accelerations;

[0038] Figure 2 illustrates an example excavator showing a chassis co-
ordinate frame;

[0039] Figure 3 illustrates an example excavator showing a chassis sensor
co-ordinate frame;

[0040] Figure 4 illustrates an example excavator showing a boom joint co-
ordinate frame;

[0041] Figure 5 illustrates an example excavator showing a boom sensor
co-ordinate frame;

[0042] Figure 6 illustrates an example excavator showing a stick joint co-
ordinate frame;

[0043] Figure 7 illustrates an example excavator showing a stick sensor co-

ordinate frame;
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[0044] Figure 8 illustrates an example excavator showing a dogbone joint
co-ordinate frame;

[0045] Figure 9 illustrates an example excavator showing a dogbone sensor
co-ordinate frame;

[0046] Figure 10 illustrates an example excavator showing an implement
joint co-ordinate frame;

[0047] Figure 11 illustrates an example excavator showing an implement
sensor co-ordinate frame;

[0048] Figure 12 illustrates an example excavator showing a tilt bucket joint
co-ordinate frame;

[0049] Figure 13 illustrates an example excavator showing a tilt bucket
sensor co-ordinate frame; and

[0050] Figure 14 illustrates a close up view of a bucket and dogbone portion
of an excavator showing dogbone linkages to the bucket.

DETAILED DESCRIPTION OF THE DRAWINGS

[0051] Figure 1 illustrates a flow chart of a method of compensating a
sensor measurement, preferably an inclinometer or accelerometer
measurement, for local kinematic accelerations such as movements of working
equipment affecting the sensor measurement. The method is particularly
relevant to working equipment with independently movable members, such as
an excavator 10 as illustrated in figures 2 to 13. The invention is primarily
described with reference to an excavator 10 but, where the context permits, no

limitation is meant thereby and it will be appreciated that the invention could
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also be applied to other types of equipment and vehicles, such as dozers,
graders, front-end loaders, snow groomers, drills or backhoes that have
sensors that are influenced by kinematic accelerations such as movements.
[0052] In overview, one or more movable members are identified (step 100).
Typically the members are independently movable members such as a boom
22, stick 24, and bucket 26 of excavator 10 illustrated in figure 2. The boom
22, stick 24, and bucket 26 of excavator 10 illustrated in figure 2 are all
movable relative to a chassis 20 and to each other. The bucket 26 is
connected to the stick 24 via an implement joint 302.
[0053] Once identified, a co-ordinate frame is defined for each member
(step 110) and a kinematic relationship for each co-ordinate frame is
determined (step 115). The relative position of each member is also
determined (step 120). A sensor measurement (step 130) can then be modified
(step 140) using kinematic relationship (from step 115) and position data (from
step 120) to compensate for kinematic accelerations created by those
members.
[0054] The position data preferably includes location data, angular data,
and time derivatives thereof (e.g. angular rate and acceleration). Angular rate
(i.e. the first time derivative of angle) can be used to compensate for centripetal
acceleration, angular rate and velocity (both time derivatives) can be used to
compensate for Coriolis acceleration, linear acceleration (i.e. the second time
derivative of position) can be used in kinematic compensation, and angular

acceleration (i.e. the second time derivative of angle) can be used to
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compensate for Euler acceleration. These kinematic effects can be selectively
compensated for depending on the available data, computational power, and
desired accuracy of the system. Alternatively, if the kinematic accelerations are
determined to be over a predetermined level, e.g. when they are considered to
be large enough to adversely affect the accuracy of the system, then the sensor
measurements may simply be ignored during this time.

[0055] The overall process will now be described in further detail in relation
to the excavator 10 illustrated in figures 2 to 13.

[0056] Figure 2 illustrates an excavator 10 having movable members in the
form of a boom 22, stick 24, and bucket 26 that are each independently
movable relative to a chassis 20 and each other. The boom 22, stick 24, and
bucket 26 can be defined by an open chain kinematic relationship. Once the
kinematic relationships between the movable members 22, 24, and 26 and
chassis 20 are understood, they can be related to observables (i.e.
measurements from inertial sensors, or the like).

[0057] To establish the various kinematics relationships, the general
kinematics of rotating frames are derived. This general relationship is then
applied to each movable member and its joints which, in relation to the
excavator 10, is in relation to the boom 22, stick 24, and bucket 26 and the
joints therebetween. Once the kinematic relationships are established, several
sensor measurement modification strategies are considered to take advantage
of the defined relationships, with preferred strategies typically being selected to

balance performance against available computational resources.
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[0058] Since accelerometers and gyroscopes measure with respect to
inertial space, an expression for the general kinematics of rotating frames is of
interest in order to model the true acceleration being induced on the sensor.
Consider a generic coordinate b-frame, which is rotating with respect to another
generic a-frame. The position of the b-frame with respect to the a-frame

. . (I . . . .
resolved in the a-frameis denoted Tab. Consider now a point ¢in space, which

b
may be written with respect to the b-frame as Yo.

[0059] Point ¢ with respect to the a-frame is given by:
¢ &L
I‘g € ra b + Tpe

[0060] When resolving point ¢ in the b-frame, the expression is:

a .0 a b
r ac T ab ; Rb rhr

[0061] Ditferentiating with respect to time yields velocity:

i =i, + Ryrp, + RJE

ac ab Tpe
[0062] Introducing the rotation differential equation:
SNa _ aa b
o /S [wab] %

[0063] Substituting yields velocity:

.t -a b aah
0, =10, + Ry [w ] vy, + RiFp,

Qe b at
ot &, & b b
= Top T h ([wab} Yoo + rb()
[0064] Differentiating velocity with respect to time yields acceleration:

. . ;
sl b 3 . i s‘~ T Wb b AL uh
Foe & (333 + 1 ( ab i Ibr + Y ) + E{ ( ah 1 he + I‘w(?rl x Yo + lb:’))
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[0065] Substituting for the rotation differential equation and rearranging

yields:

¢ 2
oo g o f§ & h apael, b1 b [l " Panh
X =Vyp + RE; ( §V(""ab] \\) Lo -+ *“‘R‘:’J l“’ o+ R’b [_"‘“’ab] Ty b 6V Lo

ue whiw w b

[0066] These terms may be identified as:
L3¢l
Lab being acceleration of the frame itself;

asmb . . . .
B being acceleration with respect to the rotating frame;

&

. i b ) a b
SR U750 B T N . L i , . .
b ( -“’J »/ "¥ peing ictitious’ centrifugal acceleration:

2R} [“’fﬂ] X i3, being fictitious’ Coriolis acceleration; and
Ry [&0], v being ‘fictitious’ Euler accelerations.

[0067] The fictitious’ centrifugal, Coriolis, and Euler accelerations arise
from the kinematic motion of the excavator 10. With known locations of the
movable members, velocity, acceleration, angular velocity, and angular
acceleration, these additional kinematic accelerations, which typically corrupt
inclinometer measurements, may be accounted for using kinematic
relationships as follows.

[0068] As the Earth is a rotating reference frame inertial sensors typically
measure not only true inertial acceleration, but also effects introduced by the
choice of navigation frame. Since a purely inertial frame of reference is
impractical for terrestrial activities, one must examine the effects of using an

Earth-based reference frame, such as a Local Geodetic frame (i.e. local

vertical) or an Earth-Centred, Earth-Fixed (ECEF) reference frame.
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[0069] Attitude can be tracked with respect to a local navigation frame for
easy interpretation due to aligning the z-axis with local gravity. However, as
gyroscopes measure angular rate with respect to inertial space (i.e. not the
local navigation frame) a relationship with respect to the local geodetic frame
should be considered.
[0070] Starting with the Rotation Differential Equation of the body with

respect to the local navigation frame:

R =R} [w),]

1h

£
[0071] We must derive some relationship between the angular rate Wb of

the body with respect to the local navigation frame and the gyroscope

)

. . . b . )
measurement with respect to inertial space “is. This may be accomplished
using:

Whp = Wip Wi — Wy
= wh, ~ RORJwS, ~ Rw!,

[0072] For navigation in a Local Geodetic (LG) frame, three terms should be
h
considered: gyro measurements “is, the contribution due to the Earth's rotation

bpn, ¢
Rﬂ,Re’ww, and rotation of the LG frame with respect to an ECEF frame

&,

(‘transport rate’) R«
[0073] The Earth has a rotation rate of approximately 15deg/hr. Since
recent industrial-grade MEMS gyroscopes have a bias stability in the order of

10deg/hr, ignoring this term is a suboptimal use of the sensors.
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[0074] The transport rate term, which may be calculated based on the

current position and velocity of equipment as:

- 7% -
________ Yeb B2
R (L)+h
Tt ( h N
Wit mm | e S
en ,7 Rt [J)"‘!‘"h
r (’,) e tan{ L)
5 Reg(L ;3 +h

[0075] The terms Re(L), Rn(L) and h are the transverse radius of curvature
as a function of latitude, geocentric radius as a function of latitude, and height
above the ellipsoid, respectively. The subscripts N, E, and D are the north, east
and down components of the velocity respectively.
[0076] From this equation, a machine moving at 30km/hr would experience
a transport rate of 0.27°/hr. A slowly moving machine at 5km/hr, which is
typical of high precision operations, would experience a transport rate of less
than 0.05°hr. Both of these values are below the resolvability of current
generation industrial MEMS and therefore may be safely ignored.
[0077] In a similar manner to gyroscopes, the fact that the LG frame is not
an inertial frame will result in inclinometers measuring accelerations that arise
for reasons other than gravitational acceleration. General kinematics of
rotating frames may be applied to determine the extent of such an effect:
=8, + R (W) e+ 2R (Wl 8+ R 0 v + RLE,
[0078] Since the Earth's rotation rate is constant, at least for navigational

purposes, the Euler acceleration term vanishes. Furthermore, since the origin

of the navigation frame coincides with the Earth-Centred Inertial frame (ECI),
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the linear acceleration term also vanishes. Thus, the general kinematics

equation reduces down to:

7 = RIFY — ([wh ] )7 — 2w ], ¥,

?2 b AT b Xe

[0079]  The term R{'¥}, describes the acceleration with respect to inertial
space rotated into the local navigation frame. The accelerometers will measure
this true acceleration, in addition to gravitational acceleration (i.e. the

fundamental mass force as a function of position on the earth):
n.., e B P
R iy = fzb + B (l Ef.tb.)
[0080] Substituting into the kinematics equations yields:
2N e T, W1 2 . £ 7 v 7}
Vb = L + ( (rrir ([wmlx) ¥ nb) —~ 2 [wi*ﬂ} Yok
[0081] The first term is the specific force measured by the accelerometers

and rotated into the local navigation frame. The second term contains both

gravitational acceleration and acceleration induced by rotation of the Earth.

Together they form local gravity as a function of position, g" (rgb), which may
be calculated using, for example, the Somigliana model. The final term is the
Coriolis term due to a change in position of the locally level frame.

[0082] If one assumes the maximum speed at which the excavator may
travel during tramming is 30km/h, then the maximum acceleration that could be
experienced is 0.12mg. When making only small manoeuvres whilst working,
for example at 5km/h, then the maximum acceleration is 0.02mg. Considering
that 0.12mg corresponds to approximately 25 arc-seconds, which is of the

same order of magnitude as deflection of the vertical, then it is considered safe
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to neglect Coriolis acceleration for many machine control applications such as,
for example, excavators 10 which typically operate at relatively low speeds.
[0083] With inertial quantities identified, coordinate systems for kinematic
relationships are next identified. Once the coordinate systems have been
identified, kinematic relationships can be applied to each movable member,
typically to joints and sensors of the movable members.

[0084] With respect to the excavator 10, preferred co-ordinate systems are
illustrated in figures 2 to 13. In the illustrated example there is a separate co-
ordinate system for each joint (figures 2, 4, 6, 8, 10 and 12) and each sensor
associated with a movable member (3, 5, 7,9, 11 and 13).

[0085] Different co-ordinate systems are possible. The example co-ordinate
frames have been selected as they align with easily measurable geometric
points on the excavator 10. Another system may also be, for example, a
system which includes two sensors per movable member in order to directly
estimate angular acceleration which in turn can be used to directly compensate
for Euler accelerations.

[0086] Figure 2 illustrates a chassis co-ordinate frame 200 having an origin
located at an intersection 202 of the axis of rotation and a plane separating an
undercarriage of the excavator 10 from a cab of the chassis 20. The chassis
co-ordinate frame 200 has: an x-axis that is parallel to, and lies in the direction
of, the boom 22; an orthogonal z-axis that is aligned with the axis of rotation,
pointing towards the undercarriage; and a y-axis orthogonal to both the x-axis

and the z-axis.
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[0087] Figure 3 illustrates a chassis sensor co-ordinate frame 210 having
an origin located at a centre of navigation of a chassis sensor 212. The
chassis sensor 212 has a fixed chassis displacement 214 from the origin of the
chassis co-ordinate frame 200. The chassis sensor co-ordinate frame 210 has
its axes aligned with sensing axes of the chassis sensor 212 and has a fixed
angular offset with respect to the chassis co-ordinate frame 200.

[0088] Figure 4 illustrates a boom joint co-ordinate frame 220 having an
origin 222 at an intersection of a rotational axis of the boom joint and a
symmetric plane of the boom 22. The boom joint co-ordinate frame 220 has an
x-axis that is aligned with a boom reference axis 221 that extends between the
boom joint and the stick joint. As the boom joint and stick joint rotational axes
are parallel to each other, the boom reference axis 221 is perpendicular to the
rotational axes of both the boom joint and stick joint. The boom joint co-
ordinate frame 220 also has a y-axis that lies along the boom rotational axis,
parallel to and in the same direction as the y-axis of the chassis co-ordinate
frame 200, and a z-axis that is orthogonal to both the x-axis and the y-axis.
[0089] Figure 5 illustrates a boom sensor co-ordinate frame 230 having an
origin located at the centre of navigation of boom sensor 232 of the boom 22.
The boom sensor co-ordinate frame 230 has a fixed boom displacement 234
from the origin of the boom joint co-ordinate frame 222 and a fixed angular
offset with respect to the boom joint co-ordinate frame 220. Typically, the y-
axis of the boom sensor frame 230 is parallel to and in the same direction as

the y-axis of the boom joint co-ordinate frame 220.



WO 2016/164975 PCT/AU2016/050270

-90 .
[0090] Figure 6 illustrates a stick joint co-ordinate frame 240 having an
origin 242 at an intersection of a rotational axis of the stick joint and the
symmetric plane of the stick 24. The stick joint co-ordinate frame 240 has an x-
axis that is aligned with a stick reference axis 241 that extends between the
stick joint and the bucket joint. As the stick joint and implement joint rotational
axes are parallel to each other, the stick reference axis 241 is perpendicular to
the rotational axes of both the stick joint and bucket joint. The stick joint co-
ordinate frame 240 also has a y-axis that lies along the stick rotational axis and
a z-axis that is orthogonal to both the x-axis and the y-axis.

[0091] Figure 7 illustrates a stick sensor co-ordinate frame 250 having an
origin located at the centre of navigation of stick sensor 252 of the stick 24.
The stick sensor co-ordinate frame 250 has a fixed stick displacement 254 from
the origin of the stick joint co-ordinate frame 242 and a fixed angular offset with
respect to the stick joint co-ordinate frame 240. Typically, the y-axis of the stick
sensor frame 250 is parallel to the y-axis of the stick joint co-ordinate frame
240.

[0092] Figure 8 illustrates a dogbone joint co-ordinate frame 280 having an
origin 282 at an intersection of a rotational axis of the dogbone joint and a
symmetric plane of the dogbone joint 28. The dogbone joint co-ordinate frame
280 has an x-axis that is aligned with a dogbone joint reference axis (not
shown for clarity) that lies on the dogbone joint symmetric plane, joining the

dogbone joint 28 to the H-Joint. The dogbone joint co-ordinate frame 280 also
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has a y-axis that lies along the dogbone joint rotational axis and a z-axis that is
orthogonal to both the x-axis and the y-axis.
[0093] Figure 9 illustrates a dogbone joint sensor co-ordinate frame 290
having an origin at a centre of navigation of a dogbone joint sensor 292.. The
dogbone joint sensor co-ordinate frame 290 has a fixed dogbone displacement
294 from the origin of the dogbone joint co-ordinate frame 282 and a fixed
angular offset with respect to the dogbone joint co-ordinate frame 280.
[0094] Figure 10 illustrates an implement co-ordinate frame 300 that has an
origin 302 located at the intersection of the symmetric plane of the stick 24 and
the axis of rotation of the implement joint. The implement co-ordinate frame
300 has an x-axis that lies on the symmetric plane from the origin 302 of the
implement joint frame and intersects with a tilt-bucket joint, a y-axis that lies on
the rotational axis of the implement joint, and a z-axis that is orthogonal to both
the x-axis and the y-axis.
[0095] Figure 11 illustrates an implement sensor co-ordinate frame 310
having an origin located at the centre of navigation of implement sensor 312.
The implement sensor co-ordinate frame 310 has a fixed implement
displacement 314 from the origin of the implement co-ordinate frame 302 and a
fixed angular offset with respect to the implement co-ordinate frame 300.
[0096] Figure 12 illustrates a bucket joint co-ordinate frame 260. The
bucket 26 of the illustrated excavator 10 is a tilt bucket. The bucket joint co-
ordinate frame 260 has an origin at an intersection of a tilt-joint pin 262 and a

symmetric plane of the bucket 26 that is perpendicular to the tilt-joint pin. The
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bucket joint co-ordinate frame 260 has an x-axis that intersects a working edge
(e.g. a cutting blade) of the bucket 26, a z-axis that is aligned with the tilt-axis
pin, and a y-axis that is orthogonal to both the x-axis and the z-axis.

[0097] Figure 13 illustrates a bucket sensor co-ordinate frame 270 having
an origin at a centre of navigation of a bucket sensor 272 of the bucket 26 and
its axes aligned with the bucket sensor 272 sensing axes. The bucket sensor
co-ordinate frame 270 has a fixed bucket displacement 274 from the origin of
the bucket joint co-ordinate frame 262 and a fixed angular offset with respect to
the bucket joint co-ordinate frame 260.

[0098] Once the co-ordinate frames have been defined a kinematic
relationship for each movable member can be defined by applying general
kinematic equations to the system. Each kinematic equation is applied
successively down a kinematic chain such that the kinematic relationship for
subsequent movable members is dependent upon the kinematic relationship of
a previous movable member.

[0099] Co-ordinate frame indices are defined as follows: chassis frame 200:

?”U, chassis sensor co-ordinate frame 210: b{}, boom joint co-ordinate frame
220: Ul, boom sensor co-ordinate frame 230: bi stick joint co-ordinate frame
240: 1”‘3, stick sensor co-ordinate frame 250: bi? dogbone joint co-ordinate
frame 280: ?’73, dogbone joint sensor co-ordinate frame 290: 63, implement

joint co-ordinate frame 300: t““ii, implement sensor co-ordinate frame 310: b~1,
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tilt bucket joint co-ordinate frame 260: ‘US, and tilt bucket sensor co-ordinate

frame 270: b5

[00100] The boom joint position may be stated as:

(SR, 4
Ty Ty, Dty

[00101] Where R, is the rotation of the chassis 20 with respect the

(&
navigation frame and Tuorr is the displacement of the boom joint co-ordinate

frame 220, with respect to the chassis 20, "»w is the position of the chassis 20

T
with respect to the navigation frame, and Tnouyis the position of the boom 22

with respect to the navigation frame.
[00102] Differentiating with respect to time yields velocity of the boom joint

co-ordinate frame 220:
e X O T tn C sty
L I 1 NGy + R‘-z:o ([wfw@J ¥ rv.;m_.r . v ¥ g ‘c;l)
[00103]  Since the boom joint is fixed relative to the vehicle w= = U5 which

results in:

i;}n - l’.‘in + Ru

vy ] Uy
Py LYY Uy [w i r

TR % Loy
[00104] Differentiating again leads to acceleration of the boom joint co-

ordinate frame 220:

: \ 2
wn e it HILAT O Ry ot [, Jvo £ 23
1”.“_1 ..... Y 4 R‘-v{, ( Lt ) e '/‘."R"’u‘o [L.J.”?_,UJ % r + R,

Uy {™read x T LANEIN Un

[{;J KENY ] T ()
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[00105] Noting again that the boom joint is fixed with respect to the chassis

frame 200, acceleration reduces to:
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[00106] The kinematics of the boom joint is a necessary step in determining
the kinematics at the boom sensor 232, which is the location where the
accelerations are observed. The position of the boom sensor 232 may be
calculated from both the position of the excavator 10 and the position of the

boom joint co-ordinate frame 220 as follows:

r“!"?- _— Rre L0 Rn rl }{

nby zzm m oy by

[00107] Where rglnis the position of the boom sensor 232 relative to the

'[l

navigation frame and Turbiis the position of the boom sensor 232 relative to the
boom joint co-ordinate frame 220. As the position of the boom joint forms part
of this equation, the boom sensor position may be expressed in terms of the
boom joint:

Rzz 3

I.??bl m 1 mbi
[0101] Differentiating with respect to time, and noting that the boom sensor
232 is fixed in the boom joint co-ordinate frame 220 yields the velocity at the

boom sensor 232:

SR ) i N
Tab, & R [ ] 1?;51

rihy nz' 7Y
[0102] Differentiating with respect to time again and applying the same
constraint yields the acceleration at the boom sensor 232 with respect to the

navigation frame:

. 5

el ey, 1) i] ’ IR i

oty = Uy T R (( n aJ \} T w”( : J /) Lorty
3 s
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[0103] Now that the kinematic relationships at the boom joint have been
determined, an observation model of the inclinometers in the boom sensor 232
may be constructed. The sensors are generally considered to be ‘perfect’, but
implementation should account for any imperfections.

[0104] The boom sensor 232 accelerometer model should be reconciled
with the boom sensor 232 acceleration measurements £, and the boom sensor

232 gyroscope measurements, Wi, The angular accelerations may either be
directly measured by one or more angular accelerometers orby estimating the
derivative of the angular rate. Alternatively, the angular acceleration may be
ignored altogether at the expense of accuracy.

[0105] The kinematics accelerations acting on the boom sensor may
alternatively be accounted for by a plurality of sensors mounted at spatially
diverse locations on the boom. Since the same angular rate and angular

accelerations act on each said boom sensor, but induces a different

]

acceleration via a different lever arm ~“'** of each sensor, the effect may be

determined and duly compensated.

n

[0106] It is also convenient to split the rotation ““v: into two components,

R which is the relative rotation of the boom 22 with respect to the excavator
10 and B, the excavator 10 attitude. These two components are typically

estimated separately.



WO 2016/164975 PCT/AU2016/050270

-28 -
[0107] Given a known (or estimated) rotation between the boom sensor co-
R,

ordinate frame 230 and the boom joint co-ordinate frame sensor

measurements in the boom frame may be expressed as:

£ _— R"l-’ 1 by

nby hy Tnby
vy 7y b 1
wn. by by by

[0108] Taking into account gravity, the specific force measured by the boom

sensor 232 accelerometers is:
2 A
PR Fhipeipee f2n o7y L PITEI O B DR IR T N
fnb;_ - Rq,:i R-vg Rn {\1 Ty g ) ' Rm (([w-nvij R : [wnxa:lJ X lmb,_

[0109] Kinematic contributions due to linear acceleration, Euler
acceleration, and centrifugal acceleration can be clearly identified. Therefore,
if measurements, or at least estimates, exist of angular rate, angular
acceleration, and linear acceleration, then the kinematic effects that affect
dynamic performance can be compensated for entirely. Alternatively, the
induced Euler acceleration and centrifugal acceleration may be compensated
by means of a plurality of sensors, preferably sensors mounted to the boom,
with or without the assistance of angular rate and/or angular acceleration
measurements.

[0110] Following a similar procedure to that described for the boom sensor
232, the chassis sensor 212 kinematic relationships and observables are
summarised as follows:

Position:

;) 1) ORI
£ s * TR E
oty = Tpog + Ry 10



WO 2016/164975 PCT/AU2016/050270

-29.-
Velocity:
7 - n (S TE O S
1 ”b? - Nh R’l‘u [ ”U{)} w Yagbo
Acceleration:
- o
L4 #3 -4 £ T i, (AFNY U <30
Y nbo 77 tnvg + Rlu (( ’”0] X) + [w'f?v"b‘c;-] x ] Y vobg
Observables:

2
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[0111] Following a similar procedure, the stick joint 242 kinematic

relationships are summarised as follows:

Position:
ri:f y ri;'z,.{; : R:};r:;?w
Velocity:
Eh e = Ty + Ry (@il 1, T,
Acceleration:

U

, . :
g 2

3413 . un T i ‘ AR Ty

L "*rnb14“I{v1‘ (i“%W1]x> +-fuﬂv1]x L

[0112] Following a similar procedure, the stick sensor 252 kinematic
relationships and observables are summarised as follows:

Position:

TRl (&5 Q'M‘J

vl =T, + R
Velocity:
* 72 e R no [, 1 R
!“ 2 1 2 + R i ["d‘mf:] % r’{_’gbg

Acceleration:
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Observables:
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[0113] Following a similar procedure, the dogbone joint 282 kinematic

relationships are summarised as follows:

Position:
Ry P | S Yo
1»’2?}3 1m 2 i Rmrv U
Velocity:
(i * 72 T U iy
rm 5 I A + R\Uv wnn’r ;] W rvgt 3
Acceleration

[0114] Following a similar procedure, the dogbone sensor 292 kinematic

relationships and observables are summarised as follows:

Position:
S N LU
I?‘Ltz);g m 2 + R 1 wyhiy
Velocity:
X I X o |, o KR
r?lb;ﬁ; - 1‘3”2'?.5;‘»; »?“ I Uy [uj??"(-’iljl X X Ty b;}
Acceleration:
p a2 . bc{}
r-n.b;; = Ly, 5
Observables:

B, = RURGRY (7, - ") + R (([win), )+ @], ) wi,
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[0115] Following a similar procedure, the implement joint 302 kinematic

relationships are summarised as follows:

Position:
o LU
ri!t’; Niv ; R ]‘iili
Velocity:
f n T iy o)
I Uy ¥ T + I e &J” £ w] % Y Ty
Acceleration

ure 31 ; 7
¥ LESEK rn (22 (3] ‘

[0116] Following a similar procedure, the implement sensor 312 kinematic

[xasengen
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relationships and observables are summarised as follows:

Position:

Velocity:

T Uy } Uy
vy [wmu x Yugby

LU i NN P XL I SR ER R Ty
1 nby T I g 1 R?,a; ((if"’ﬂ.t.&l} X) 1 l:wnsz.-x;] g rz raby

Observables:
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[0117] Following a similar procedure, the tilt bucket joint 262 kinematic
relationships are summarised as follows:
Position:

r - Rn iy

TRV ry, rv z‘;f 5
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Velocity:
> 1} X e vy T Lty
rv‘zsur =1 FLEg + Rm [w¢'1.-1.?4 i X (IR

Acceleration:
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[0118] Following a similar procedure, the tilt bucket sensor 272 kinematic
relationships and observables are summarised as follows:
Position:

W L o t’s
Tpp. = + R

m*“ vy f’sbs
Velocity:
7 X1 T (25 U5
=1+ RE (we ] or

s Uy Z’) 5

Acceleration:

s o u o2 A s s
lfnbg o r‘ﬂ;’i.’s + R’z; ((ih"‘"'m:;)] \<) + [c"‘}nn‘v,g] W X w5bs
Observables:
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[0119] Sensors do not necessarily need to be mounted directly to every
member of the kinematic chain. Instead, it may be preferable to mount a
sensor on a related linkage which is mechanically coupled to the linkage of
interest. A model of closed chain kinematics may therefore be required.

[0120] For example, a sensor may be mounted on the dogbone 28 of an
excavator 10 instead of on an implement linkage so that it is less likely to be

damaged during normal operations. The attachment of the dogbone 28 and
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implement linkage to the stick 24 and tipping link 321 forms a closed kinematic
chain. As illustrated in figure 14 the closed kinematic chain is, in this instance,
a planar quadrilateral linkage 320 having joints p1, p2, v3, and v4.
[0121] Given the geometry of the linkages, the angle of the dogbone

402

relative to the stick 24 "z and the angular rate of the dogbone 28 relative to the

stick 24« | «, the angle of the implement linkage 322 relative to the stick 24

P2
(}'vz and the angular rate of the implement linkage 322 relative to the stick 24

Wil and the angular acceleration of the implement linkage 322 relative to the
stick 24 are required. Once the desired values are calculated they may be
substituted into the open-chain kinematics described previously.

[0122] For such an example the dogbone co-ordinate system 280 remains
as described previously, but two new coordinate systems must now be
considered, namely the tipping link joint coordinate system and the H-joint
coordinate system. A tipping link joint co-ordinate frame is defined as having an
origin that lies on the intersection of the axis of rotation of tipping link joint (p2)
and the symmetric plane of the planar linkage with the x-axis intersecting joint
v4, the y-axis being parallel to the axis of rotation, and the z-axis as being
orthogonal to the x-axis and the y-axis.

[0123] A H-joint co-ordinate frame is defined as having an origin at the
intersection of the axis of rotation of the H-joint (p1) and the symmetric plane of
the planar linkage, with the x-axis interesting the tipping rod joint (p2), the y-
axis being parallel to the axis of rotation and the z-axis being orthogonal to the

x-axis and y-axis.
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[0124] Consider a plane formed by the quadrilateral linkage 320 which lies
parallel with the x-z plane of the stick 24 co-ordinate frame 240. Two of the
joints, namely the dogbone joint and the implement joint, are geometrically fixed
relative to the stick 24 co-ordinate frame 240 and can be measured during

calibration. Accordingly:

[0125] Which is a time invariant quantity.
[0126] Since the lengths of the linkages are known, each linkage may be

defined in its own coordinate frame as follows:

Fusp ™ [] il 0 {}] !

ap

! i A
1}21;), =z “ IPI,UJ[‘ £) OJ

. i L
eiz,, = k2, b 0 0]

[0127] Since all linkages lie on a plane, each rotation matrix for any given

member is an intrinsic rotation about the y-axis, as follows:

R =Ry (62)
R = Ry (652)

1 i
L350 ] . (30
R =Ry (6,?)

[0128] Since the chain is closed, positions of the linkages must satisfy:

vy 2 "
r'?_u‘;:))'l-’;}_. - ?up] + rp;p: nger

[0129] Rotating from the stick frame to their native frames yields:

T{“r“ I{‘“rpl + Rzl

U}fl vapL mip2 P P2y

[0130] Rearranging in terms of known and unknown quantities:
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—Rjrg,, = Ry, + R
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[0131] Since the left hand side of this equation consists entirely of known

values, it may be more succinctly written as:

k=Ry (632) 2, +Ry (0212

P2 Py 1 PP
[0132] Where:

k=12 —R}r?

Uy wg b ug Py

[0133] Explicitly writing the matrix equations results in the following:

i cos {Bre) O —sin {03)] [lleiz, |l cos {B02) 0 s {opz)] [ies b
0§ = 0 1 f) { 0 1 { {}
kg sin (B22) 0 cos {822) { sin (822} 0 cos {B57) 0

[0134] Which may be arranged and rewritten as two simultaneous

equations as follows:

¢ e ) Z’T . PZ’ (\(‘3(9{’)

oS ((;j } = = prjji 5} b5 13
Pty
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[0135] Using the identity:
cos® (8} + sin® () =
[0136] Therefore:

ez, 112 = (kg el {] cos (63 )) (ks —

iy iz | b llsin (8,2))

p]pw

[0137] Which can be rearranged as:

. 2
. e A lr{ifmlld “““ lrlil;)v |
ko (65 + sin 657) = s e

[0138] Which is of the form:
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Peos(8) + Qsin(f) = M

[0139] The solutions of which are:

: QPP Q- M
f = 2atan ((” Y 7 J: f} )
[0140]  Or equivalently:
N M
= atan2{Q. P} & acos | ————==
: vf Pﬁ. . ( 2 a

[0141] Since the sin and cos are directly of interest, they may be calculated

directly without calculating the angle by using the following equations:

i (f) = e o B
QPR QP - M PR QR+ PM

And

cos (0) = FOVE? - Q2 M2 + M2 - Q2+ PM
QPR Q- M2+ P2+ Q2+ PM

[0142] Substituting for M, P and Q in terms of geometry and known angles
may yield up to two solutions. However, only one of these angles will be
physically possible to achieve. Impossible solutions can therefore be

eliminated.

s
[0143] Once the angle 6;05 has been calculated, it may be directly

substituted to determine®z;. There may be more than one possible angle that
satisfies the solution, but only one angle will be physically possible to achieve.
Impossible solutions can therefore be eliminated.

[0144] Recalling that the closed-chain positions must satisfy:
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yields:

[0146]

the vector quantities in their native frames and noting that

results in:

[0147]

[0148]

[0149]
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Rotating from the stick co-ordinate frame 240 to their native frames

P21
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Taking the time derivative of both sides of this equation, noting that

r?)g
v3v4 |S constant
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Noting the time derivative of rotation matrix for each member:

3t Hz U3
R, = Rvg wl,,u N
Yo vy [, P2
Rp:a o Rps; ool «
> Ia% vz [,
Rl?l R‘Pl ,w"i-’v}?l X
Applying:
wa T, un v 1 3 I » X3P P2 L
05 = R, [ u: ‘1‘3] . >m + Ry [“’mm \Hw» = R‘Pz w,, pz]\ Tpong
. R e .
Multiplying through by “*»2 and simplifying results in:
pv ) 3 | Ly PR P S T N I R R
03 = Ry, [ v:aJ w Togpy Rm lwmmJ e T [w? wa « Tpavy

[0150]

Since the system is planar and lies entirely along the x-z plane, the

angular rate occurs about the y-axis. Moreover, each vector in the above

equation lies entirely along its x-axis. Therefore, an angular rate “v about a

vector I'x may be written as:
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[0151] Substituting, and explicitly writing in terms of intrinsic rotations:

[0152] Equating the components in x:

—sin (#92) wp2,, lees ) | =sin (652 ) whi |

V3. Y Py

w1
Iplp““
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[0153] Solving for O
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[0154] To calculate w‘vzm, the above result can be directly substituted:

—_— 08 (012} widy, e, || + cos (BE2) win )ikt |
IRy T J} '3
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[0155] Accordingly, the relative angular rate of the implement linkage can
be found in terms of the angular rate of the dogbone 28 and linkage geometry
320.

[0156] Repeating the time derivative of the closed-chain position:

+ R?

05 = Ry2 [wi, | x
& & X fe3!

Catty
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U2 Py Bipe oL

?' Y
[0157] Taking the time derivative and rearranging yields:

8, = R;
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[0158] Since the only rotational degree of freedom is about the y-axis, the

angular acceleration will always be about this axis. Accordingly, each term may

be simplified as:

, __ ~wt 0D 0 Oy T
(lw )+l Jm=t1 0 0 0 j+l0 o o0
0 0 -w,” iy 00 0
[ty e
= 0
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[0159] Applying and multiplying through bngﬁ:

il wos {88 0 —sin (03T “os '\"1; @
i A D o . *
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[0160] Expanding and collecting the components along x results in:

= s {952
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[0161]  Rearranging for “wpi.s equals:

{eus (072wl ¢

§ o sin (00
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T e
DRORR fr }

Pz

[0163]  Solving for “w2p=.y yields:

[0164] Accordingly, the angular acceleration of the implement joint can be
described in terms of the geometry of the linkages 320, the angular rates of the

linkages and the angular acceleration of the dogbone joint.
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[0165] The minimum sensor configuration required for dynamic
compensation is dependent upon the machine type, the work being performed,
and the desired accuracy. A full triad of inclinometers, gyroscopes, and
angular accelerometers at each sensing node provides flexibility in system
design and may offer advantages in terms of redundant measurements and
self-calibration. However, fewer sensors may be desirable for practical and
commercial reasons.
[0166] Using the excavator 10 as an example, the boom 22, stick 24,
dogbone joint 28, and tilt bucket 26 provide only one axis of movement.
Therefore, only one gyroscope is necessary per sensing node in order to
provide a minimal set of measurements. The remaining two angular rates may
be reconstructed from sensors at other locations of the excavator 10.
[0167] Using the boom sensor 232 as an example, the observation equation
included a term denoting the angular rate of the boom 22 with respect to the
navigation frame. Since a minimal configuration will include only an angular
rate sensor about the y-axis of the boom frame, the angular rate of the x-axis
and y-axis must be reconstructed from the remaining sensors as follows:

VL L RV VD L,
Wi, = Rgtwf 4wl

[0168] Since the boom joint co-ordinate frame 220 of an excavator 10 is
always parallel to the x-z plane of the chassis co-ordinate frame 200, then the
rotation consists of an intrinsic rotation about the y-axis. If the chassis sensor
212 is equipped with angular rate about the x-axis and z-axis then the angular

rate of interest may be determined using:
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[0169] If the quantity Wi is of interest for estimation purposes (e.g.
propagating the attitude term R;’::J), then the inclusion of a y-axis gyroscope on
the chassis sensor 212 allows this to be calculated. The necessary
configuration and reconstructed angular rates for the remaining sensors (e.qg.
the stick sensor 252, dogbone sensor 292, and tilt bucket sensor 272) may be
determined using a similar procedure.

[0170] Ultimately, the accuracy of the angle estimates of each joint is
dependent on the quality of the inclinometers. As is known in the industry, one-
axis, two-axis, and three-axis configurations are all possible, with benefits and
drawbacks associated with each approach.

[0171] Although this specification has primarily disclosed inclinometer
based acceleration sensors, it will be appreciated that inclinometers may be
constructed in a manner which directly measures one or more angles with
respect to a local vertical. For example an inclinometer may use a pendulum-
type or a spirit level-type construction which directly measures angles but is
nonetheless affected by kinematic accelerations.

[0172] The simplest means of applying dynamic compensation to angle-
based inclinometers is to calculate the equivalent measurement that would be
induced on an acceleration-based inclinometer based on the current reading of

the angle-based inclinometer and modifying the equivalent measurement in

accordance with the specification.
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[0173] A second means of compensating an angle-based inclinometer is to
calculate an angle deviation from the kinematic accelerations which is required
to compensate for the angle measurements from the inclinometer. A suitable
means to do so is via a Taylor series wherein the angle deviation to apply may
be generated by means of the Jacobian of the applicable measurement
equation.
[0174] In very high precision applications, an inclinometer may comprise of
not only the sensing element, but also a mechanical drive such as a stepper
motor to align the sensor with a reference orientation to maximise the range
and sensitivity of the sensing element. When compensating for kinematic
accelerations in such an electro-mechanical sensor, maximum sensitivity is
obtained by commanding the mechanical drive to align not with the vertical
reference, but instead with the apparent local vertical being the sum of gravity
and any kinematic acceleration. Accordingly, when using an electro-
mechanical inclinometer, compensating for kinematic effects does not
necessarily require the modification of the sensor measurement, but may
instead be performed by modifying the sensors itself by, for example,
commanding an equivalent reference orientation of the sensor element.
[0175] Angular accelerometers are comparatively rare and expensive, but
may be useful in certain scenarios where large changes in angular rate are
regularly observed. In their absence, the angular acceleration necessary to
compensate for Euler acceleration may be either estimated numerically as the

derivative of angular rate, or estimated from spatially diverse accelerometers
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on the same rigid mount. Accordingly, compensation for Euler acceleration is
considered a balance of cost and required performance.

[0176] On some joints, an angle may be directly measured using an angle
encoder or a piston. This is often seen on joints where the axis of rotation is
almost parallel to the gravity vector (e.g. grader blades), or on joints which may
completely rotate (e.g. rototilt buckets). Since the angle between such joints is
directly observable, then there is no need to infer the angle from combined
gyroscope and accelerometer measurements.

[0177] Although joint angle may be directly observable, the angular rate of a
joint will nevertheless induce accelerations further down the kinematic chain.

Accordingly, the angular rate must be estimated from the sequence of angular

. . wy (k1] v (k) .
measurements. Given relative angle measurements B " and B« attimes

k+1 and k respectively, incremental rotation may be calculated as:

N , ’ oo F
prilk+ll _ pey (k1) (k)
ARV = RY (Rm ,

[0178] Under the assumption of constant angular rate over the interval, the

angular rate vector may be calculated by inverting the solution to the rotation

differential equation, i.e.:

1 SR
VL e VL ey wy {k-+1)
Woypp = “Wyguy = KT log (AR,_(}, N

[0179] A matrix logarithm @ of a general rotation matrix R may be

calculated, taking due care around the numerical singularities:
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[0180] An estimate of angles between each joint and the attitude of the
excavator 10 is required to calculate the position of a working edge, such as
the blade of an excavator bucket 26. Various strategies may be used to
estimate the angles, with the most suitable typically being selected by
balancing required performance against available computational resources.
[0181] The simplest strategy for angle estimation involves simply
compensating for known kinematic effects on each joint and performing angle
estimation on the corrected measurements as would normally be performed on
an inclinometer-only solution. For example, coarse levelling would be a
suitable algorithm to apply. Using this method is unlikely to be burdensome on
computational resources as the additional required computation power over a
standard inclinometer solution is marginal.

[0182] With the availability of angular rate measurements, significantly
greater performance may be achieved by accumulating the angular rate
measurements and tending the solution towards the local vertical. This class of
algorithm, generally known as an Attitude and Heading Reference System
(AHRS), has the distinct advantage of being able to filter a vertical reference
whilst maintaining good dynamic performance.

[0183] Being able to compensate for kinematic relationships of working

equipment such as an excavator 10 removes a significant source of error from
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the local vertical. Accordingly, more trust can be placed on the vertical
reference, allowing a more accurate solution without sacrificing dynamic
response.

[0184] Alternatively, since the primary means of angle determination in an
AHRS algorithm is by integration of angular rate measurements, the algorithm
can maintain accuracy for short periods of time without a vertical reference. If
the vertical reference is found to be sufficiently corrupted (for example, by
kinematic accelerations), then the vertical reference may be ignored rather than
compensated during this time.

[0185] Many AHRS algorithms are deterministic in their formulation, such as
a complementary filter. Another approach to estimating angles is via recursive
estimation techniques, such as the families of Kalman Filters, Extended Kalman
Filters, Sigma-Point Kalman Filters, Ensemble Kalman filters, and Particle
Filters. A recursive estimator usually takes the form of a process model and a
measurement model, such as:

x(k+ 1) = f(x{k).alk),v(k))
y(k) = h (x(k), w(k))
[0186] where X{k) is the state vector consisting of the quantities of interest

(e.g. angles) and nuisance parameters such as gyroscope bias. Process model

fis usually implemented in terms of propagating the gyroscope measurements
and the statistics of the nuisance parameters. Measurement model /¢ is formed
from an observation model of each sensor, taking into the account the

kinematics effects as detailed.
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[0187] Associated with the state vector is the state covariance which
describes an uncertainty (or dispersion) of state vector estimates. Notably, it
tracks a correlation between the state vector parameters. Especially in this
instance where the observables are part of a kinematic chain, there will be
significant correlation between the variables of interest. For example, itis clear
that measurements at the stick sensor 252 are dependent on not only the stick
24 angle, but also the boom 22 angle and the attitude of the chassis 20.
[0188] This correlation may be exploited to offer a performance gain,
especially in context where there are redundant measurements available. It
also offers the potential for self-calibration, especially where the nuisance
parameters are chosen carefully such as modelling the angular offset of a
sensing node with respect to coordinate frame of a movable member.
[0189] To demonstrate, consider the case where there are tri-axis
inclinometers available at each sensing node. Since an excess of
measurements are available at each sensor location, the system of observation
equations is over-determined. In certain geometric configurations, or during
changes in geometric configuration over time, the correlation between certain
states may be reduced. Accordingly, the performance of the systemincreases.
Alternatively, it may be formulated that the correlation between the nuisance
parameters, such as biases and angular offsets, and the states of interest be
reduced over time though similar changes to the geometric configuration over
time. Asthe correlation is reduced, the uncertainty in the nuisance parameters

is also reduced over time, allowing for these to be ‘learned’ over time.
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Therefore, such a system may be used either to increase performance or for
self-calibration purposes.
[0190] The cost of recursive estimation is a greatly increased computational
power requirement when compared to an AHRS or enhanced inclinometer
solution. Nevertheless, such a filter is considered to be within the capabilities
of a modern embedded system.
[0191] Advantageously the invention allows for compensation of dynamic
movements in sensor measurements resulting in more accurate measurements.
Particularly, dynamic accuracy of a machine guidance system is greatly
improved by carefully quantifying and compensating for induced accelerations
on the measurements caused by working equipment kinematic relationships.
[0192] Additionally, periods of inactivity to allow sensors to determine a
position while stationary are minimised, or even avoided entirely, which
significantly improves operation efficiency. Implementation can be scaled to
balance performance with available computational resources to allow it to be
applied to a variety of different types of equipment with varying levels of
computing resources available.
[0193] In this specification, adjectives such as first and second, left and
right, top and bottom, and the like may be used solely to distinguish one
element or action from another element or action without necessarily requiring
or implying any actual such relationship or order. Where the context permits,

reference to an integer or a component or step (or the like) is not to be
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interpreted as being limited to only one of that integer, component, or step, but
rather could be one or more of that integer, component, or step etc.

[0194] The above description of various embodiments of the present
invention is provided for purposes of description to one of ordinary skill in the
related art. It is not intended to be exhaustive or to limit the invention to a
single disclosed embodiment. As mentioned above, numerous alternatives and
variations to the present invention will be apparent to those skilled in the art of
the above teaching. Accordingly, while some alternative embodiments have
been discussed specifically, other embodiments will be apparent or relatively
easily developed by those of ordinary skill in the art. The invention is intended
to embrace all alternatives, modifications, and variations of the present
invention that have been discussed herein, and other embodiments that fall
within the spirit and scope of the above described invention.

[0195] In this specification, the terms ‘comprises’, ‘comprising’, ‘includes’,
‘including’, or similar terms are intended to mean a non-exclusive inclusion,
such that a method, system or apparatus that comprises a list of elements does
not include those elements solely, but may well include other elements not

listed.
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Claims:

1. A method of providing compensation for kinematic accelerations
influencing a sensor measurement from a sensor of working equipment, the
method comprising:

identifying a plurality of members of the working equipment that are
movable relative to each other;

defining a co-ordinate frame for each movable member;

determining kinematic relationships for each co-ordinate frame;

determining the relative position of each identified member;

modifying the sensor or sensor measurement according to the

kinematic relationships and relative position of each identified member.

2. The method of claim 1, wherein the step of determining the relative
position of each identified member comprises determining the angle of each
identified member; and/or

wherein the step of modifying the sensor or sensor measurement
further comprises modifying the sensor or sensor measurement according to
at least one of the group of measured: linear acceleration, angular rate, or

angular acceleration.
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3. The method of claim 1, wherein the step of determining kinematic
relationships for each co-ordinate frame comprises determining a kinematic

chain.

4. The method of claim 3, wherein the step of determining a kinematic
chain comprises:

successively determining kinematic relationships from a first movable
member to a final movable member such that the kinematic relationship for
subsequent movable members is dependent upon the kinematic relationship
of a previous movable member; or

determining kinematic relationships between a set of mechanically
coupled linkages wherein each linkage is connected to a plurality of adjacent

linkages.

5. The method of any one of the preceding claims, wherein the step of
modifying the sensor or sensor measurement according to the kinematic
relationships and relative position of each identified member comprises

utilising a time derivative of the relative position of each identified member.

6. The method of claim 5, wherein utilising a time derivative of the relative
position of each identified member comprises utilising at least one second or

higher time derivative.
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7. The method of any one of the preceding claims, wherein the sensor

measurement is a measurement from an inclinometer sensor.

8. The method of claim 7, wherein the inclinometer sensor is an
accelerometer sensor or a sensor that measures one or more angles with

respect to a local vertical.

9. The method of any one of the preceding claims, wherein the co-
ordinate frames are Cartesian co-ordinate frames having three orthogonal

axes.

10.  The method of any one of the preceding claims, wherein the step of
modifying the sensor or sensor measurement comprises:

compensating for one or more of linear acceleration, acceleration with
respect to a rotating frame, and fictitious forces; and/or

using measurements from one or more angular rate sensors or one or
more angular acceleration sensors; and/or

using measurements from a plurality of sensors attached to spatially

diverse locations on a movable member.

11.  The method of claim 10, wherein the fictitious forces comprise one or

more of centrifugal acceleration, Coriolis acceleration, and Euler acceleration.
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12. The method of any one of the preceding claims, wherein the step of
defining a co-ordinate frame for each movable member comprises the step of
defining a co-ordinate frame for one or more sensors associated with the

movable members.

13.  The method of claim 12, wherein the step of modifying the sensor or
sensor measurement according to the kinematic relationships and relative
position of each identified member further comprises modifying the sensor or
sensor measurement according to the one or more sensors associated with

the movable members.

14.  The method of any one of the preceding claims, wherein the method
further comprises the step of:

determining a displacement between the co-ordinate frame of a
movable member and the co-ordinate frame of a sensor of the movable
member; and/or

determining an angular offset between axes of the co-ordinate frame of
a movable member and the co-ordinate frame of a sensor of the movable

member.

15. The method of any one of the preceding claims, wherein the sensor is

located on a chassis of the working equipment and the method further
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comprises the step of defining a co-ordinate frame for the chassis of the

working equipment.

16. The method of any one of the preceding claims, further comprising

determining a position of a working edge of the working equipment.

17.  The method of claim 16, wherein the step of determining a position of a
working edge comprises:

using the modified sensor measurement to determine the position of
the working edge; and/or

determining angles between adjacent movable members accounting for

kinematic effects.

18.  The method of claim 17, wherein determining angles between adjacent
movable members comprises:
using a coarse levelling algorithm; or

using an attitude and heading reference system (AHRS).

19.  The method of claim 18, wherein using an AHRS comprises using one
of the families of complementary filters, Kalman filters, Extended Kalman

Filters, Sigma-point Kalman filters, Ensemble Kalman filters and particle filters.

20. The method of any one of claims 17 to 19, wherein accounting for

kinematic effects comprises:
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compensating sensor measurements for kinematic accelerations;
and/or
ignoring sensor measurements when kinematic accelerations are

determined to be over a predetermined level.

21.  Asystem that compensates one or more sensor measurements from a
sensor of working equipment for kinematic accelerations, the system
comprising:
working equipment having a plurality of members that are movable
relative to each other; and
a processor in communication with the sensor that is configured to:
take a sensor measurement;
obtain a co-ordinate frame for each movable member;
obtain a kinematic relationship for each co-ordinate frame;
determine the relative position of the movable members; and
modify the sensor or sensor measurement according to the
kinematic relationships and relative position of each identified member to

account for the kinematic accelerations.

22.  The system of claim 21, wherein:
the working equipment comprises a chassis and the sensor is located
on the chassis; and/or

wherein the processor is located on the working equipment.
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23. The system of claim21 or 22, wherein the processor is configured to:
obtain a stored co-ordinate frame for each movable member; and/or
obtain a stored kinematic relationship for each co-ordinate frame;
and/or
determine at least one of the group of measured: linear acceleration,
angular rate, or angular acceleration; and to modify the sensor or sensor
measurement using the determined linear acceleration, angular rate, and/or

angular acceleration.

24. The system of any one of claims 21 to 23, wherein the sensor
comprises one or more sensors mounted to one or more of the plurality of

members that are movable relative to each other.

25.  The system of any one of claims 21 to 24, wherein determining the
relative position of the movable members comprises determining the angle of

each identified member.

26. The system of any one of claims 21 to 25, wherein the working equipment
is a construction vehicle, agriculture vehicle, mining vehicle, excavator, dozer,
grader, loader, snow groomer, dragline, tractor, backhoe, harvester, crane,

drill or shovel.
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27. The system of any one of claims 21 to 26, wherein the working
equipment is an excavator and the one or more movable members comprise

at least a boom, a stick, and a bucket.
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