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Abstract—Haulage road maintenance is crucial for opera-
tional efficiency and safety in mining and construction activ-
ities. Industrial motor graders play a key role in this task,
both on surface and in underground mines, where production
vehicles—such as trucks and loaders—are increasingly being
driven autonomously. However, motor graders have yet to be
commercially automated. The redundant kinematics of motor
graders, including articulation, front-axle steering, and blade
operations, pose technical challenges for autonomy. In this work,
we leverage the steering redundancy of motor grader designs to
formulate a new path following controller that is compatible with
existing approaches for the automation of articulated vehicles.
The proposed methodology, coined “Single-Track Control” (STC)
allows for coordination of both the front-axle steering angle
and the vehicle’s articulation angle to keep the front and rear
wheels on a common track. This innovation mitigates the risk of
collisions with drift walls and improves manoeuvrability. It can be
used for semi-autonomous operations, to reduce the complexity
for operators, as well as for fully autonomous operations. The
approach was validated in simulation, comparing the implemen-
tation performance of two controller types.

Index Terms—Mining robotics, Autonomous driving, Path-
following control, Nonlinear control

I. INTRODUCTION

Automated road maintenance is a central challenge for
mining sites the employ automated or tele-operated machinery.
If road conditions deteriorate, autonomous zones are often shut
down to allow a manual operator to restore road quality. As the
scale and frequency of robotic mining operations increases [1],
the need to address robotic grading becomes more dire. Unlike
centre-articulated vehicles such as load-haul-dump (LHD) and
haulage trucks [1], [2], industrial motor graders (e.g., see
Fig. 1) pose unique challenges due to their usage and design.
Indeed, some factors include steering redundancy, six-degree-
of-freedom (6-DoF) blade control, and complex environment
interactions, all of which hinder potential integration into
existing automation frameworks.

As such, this paper proposes Single-Track Control (STC): a
control methodology that leverages the kinematic redundancy
of a motor grader to emulate the path-following behaviour
of an ideal centre-articulated vehicle. The benefits of STC
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Fig. 1: MacLean Engineering GR5 grader is a purpose-built
machine for road surface maintenance in mining applications.
The vehicle can be steered both by turning the front-axle
wheels as well as by hydraulically actuating the angle of an
articulation joint that connects the front and rear components
of the machine [Photo source: macleanengineering.com].

are threefold: 1) existing automation techniques for centre-
articulated vehicles can be directly applied to motor graders,
with low-level controllers tracking the equivalent inputs for a
desired articulation angle; 2) integration with vehicle controls
consolidates steering as a single input, decreasing the need for
specialized operator training in semi-autonomous mode; and 3)
improved safety and manoeuvrability by ensuring that the rear
wheels follow the same path as the front wheels, mitigating
the risk of collisions with drift (tunnel) walls.

II. RELATED WORK

This section presents some background and work related to
the problem of autonomous grading.

A. Autonomous Grading

Literature on the automation of motor graders is scarce. The
dearth of such research is in part due to the complexity of the
task, in conjunction with the difficulty of simulation and of
data collection from real vehicles. Furthermore, most existing
work focuses on the path-following automation of surface



grading due to GPS signal availability and a comparatively
simpler operating environment. For instance, [3] designed and
simulated a Pure Pursuit controller for front-wheel steering
motor graders, modelled as a tricycle. Similarly, [4] conducted
field testing of a Pure Pursuit controller. To match the desired
curvature, and resolve kinematic redundancy, the method ac-
tuates articulation only when the front-wheel steering is not
sufficient, which is not viable for underground grading because
it could lead to collisions with the walls of the drift.

B. Articulated Vehicles

We can look to underground path-following automation
for articulated vehicles for prior work, with commercial im-
plementation of LHDs in use at mine sites [1]. For ex-
ample, [2] describes the system design and implementation
of autonomous LHDs, applying a PD-controller to feedback
linearized error dynamics. The approach was extended for
Iterative-Learning-Control to compensate for model uncertain-
ties in [5]. Furthermore, steering geometry analysis for centre-
articulated vehicles has been well studied [6], unlike graders.

C. Kinematically Redundant Industrial Vehicles

In other industries, the path-following automation of kine-
matically redundant industrial vehicles has been studied. Most
relevant are front-wheel steering vehicles with completely un-
actuated (i.e., passive) articulation. For example, Non-Linear
Model Predictive Control (NMPC) has been used for truck-
trailer systems [7]. Agricultural vehicles with implements [8]
have used Frenet frames to estimate lateral and heading errors
with respect to the utility point of the implement.

III. METHOD DESIGN

This paper formulates a relationship between front-wheel
steering and articulation angle to functionally obtain the path-
tracking behaviour of an “ideal” centre-articulated vehicle. An
“ideal” centre-articulated vehicle is one where the front and
rear wheels follow the same path, thus allowing for maximum
manoeuvrability in tight spaces such as in underground mines.
The work presented in this paper allows existing automation
approaches (e.g., localization and path planning algorithms)
designed for centre-articulated vehicles to be directly extended
to motor graders and further provides the advantage that the
front and real wheels of the grader can be made to track the ex-
act same path, which has practical advantages for underground
applications. We formulate the Single Track Control (STC)
relationship for graders by analyzing the steering geometry
(Section III-A), and implement controllers by deriving the mo-
tor grader kinematics (Section III-B) and feedback linearized
error dynamics (Section III-C).

A. Single Track Control

Single-track path following behaviour is desired for mining
applications because the front and rear wheels will follow the
same path. Thus, if an operator can enter a drift (tunnel), the
rear component of the vehicle will also not collide with the
wall. However, as seen in Fig. 1, the front component length

Fig. 2: Steering geometry of the grader: a and b are the
component lengths, ϕ and ζ represent articulation joint angle
and steering angle, respectively.

is nearly four times as long as the rear component—standard
for motor graders.

Fig. 5 shows the traced track (centroid of front and rear
axles) for a simulated motor grader under three different
steering modes: 1) using the articulation joint for steering;
2) steering the front wheels to turn; and 3) by using Single
Track Control. As can be seen in the figure, there is a lateral
gap between the STC-disabled controllers, posing a risk for
collisions with drift walls when turning. In contrast, the trace
for both axles with STC are aligned, and the turning radius is
tighter then when using each input independently.

To obtain the STC behaviour, we found a relationship for
the articulation angle ϕ and front-wheel steering angle ζ (see
Fig. 2) for turning radii ra > 0, rb > 0 within the physical
limits of the configuration. Derived expressions for the turning
radii were obtained by using techniques applied to articulated
vehicles in [6], given by

ra =
b+ a cosϕ

sin(ϕ+ ζ)
(1)

rb =
b cos(ϕ+ ζ) + a cos ζ

sin(ϕ+ ζ)
, (2)

where a > 0 and b > 0 denote the lengths of the front and
rear components, respectively. To obtain STC, we impose

ra = rb (3)
b+ a cosϕ

sin(ϕ+ ζ)
=

b cos(ϕ+ ζ) + a cos ζ

sin(ϕ+ ζ)
(4)

b

a
=

cosϕ− cos ζ

cos(ϕ+ ζ)− 1
. (5)



Fig. 3: Kinematic model of the motor grader, with component
lengths a and b, heading angle θ, articulation angle ϕ, and
front-wheel steering angle ζ.

It turns out that the constraint equation (5) is not separable as
a function of only the articulation angle ϕ or the steering angle
ζ, thus a numerical method is needed to solve this equation.

A controller is used to determine a desired articulation
angle ϕd with respect to lateral and heading errors, then
the corresponding desired steering angle ζd is approached
iteratively. We vary ϕ because motor graders typically a have
greater range of motion for front wheel steering, ±55◦, than
for the articulation angle, ±35◦. This way, the smallest total
turning radius possible with STC is achieved.

In summary, to follow a given path, the articulation angle ϕ
is varied to track heading error, as if the grader were a centre-
articulated vehicle, and the desired front-wheel steering angle
ζ is solved to satisfy (5). Bisection Search was employed as a
numerical method to converge to ζ, for its robustness to initial
conditions and guaranteed convergence to an approximation.

B. Vehicle Kinematics
A kinematic model of the grader is formulated by deriving

the nonholonomic constraints of a simplified model, shown
as Fig. 3. The configuration space is given by (x, y) ∈ R2

in Cartesian space, heading of rear component θ ∈ S1,
articulation angle ϕ ∈ [ϕmin, ϕmax], and front wheel steering
angle ζ ∈ [ζmin, ζmax], encoded as

q = (x, y, θ, ϕ, ζ) ∈ Q (6)

Q = R2 × S1 × [ϕmin, ϕmax]× [ζmin, ζmax], (7)

with the body fixed coordinate system (x, y) selected at the
centre of the front axle (see Fig. 3).

The vehicle is constrained to not move (i.e., no slip) in the
directions perpendicular to the direction of each set of wheels.
Although rough terrain conditions can result in a violation of
the no-slip condition, this paper serves as a proof of concept
and leaves it for future work to increase the fidelity of the
vehicle model. In any case, graders large weight, slow speeds,
and 6-wheeled configuration mitigate slip, while large terrain
interaction forces represent a larger challenge.

Fig. 4: Error definitions for path following with respect to the
tangent line to the desired path to be followed.

These nonholonomic constraints are given by

A(q) =
[
ω⊤
F ω⊤

R

]

=


− sin(θ + ϕ+ ζ) − sin θ
− cos(θ + ϕ+ ζ) cos θ

0 −a cosϕ− b
0 −a cosϕ
0 0

 . (8)

There are three control inputs available to a grader operator:
linear speed v1, articulation rate v2, and front wheel steering
rate v3, denoted together as v ∈ R3. We wish to obtain
vector fields {g1,g2,g3} that annihilate constraints (8), thus
providing directions for v1, v2, and v3. Setting gi ⊥ ωj , the
kinematics are computed to be

q̇ =


ẋ
ẏ

θ̇

ϕ̇

ζ̇

 =


cos(θ + ϕ+ ζ) 0 0
sin(θ + ϕ+ ζ) 0 0

sin(ϕ+ζ)
a cosϕ+b

−a cosϕ
a cosϕ+b 0

0 1 0
0 0 1


v1v2
v3

 . (9)

Note that any basis can be chosen, but this model is unique
for our choice of inputs.

C. Feedback Linearized Error Dynamics

To achieve path following we adapt existing techniques
for the automated path following of articulated vehicles [2],
feedback linearized [9] error dynamics are derived. As shown
in Fig. 4, two errors are regulated with respect to the front
wheels: lateral εL and heading εH error.

In the body fixed coordinate frame, εL is given as y, and
εH is given as the heading of the front wheels

εL := (εL)F = y

εH := (εH)F = θ + ϕ+ ζ,
(10)



Fig. 5: Track traces for maximum articulation (left), maximum steering (centre), and single-track control with maximum
articulation (right). Traces indicate the path of the centroid of each axle. Control input is incremented monotonically.

and the error dynamics are computed to be

ε̇L = ẏ = v1 sin εH

ε̇H = θ̇ + ϕ̇+ ζ̇

= v1
sin(ϕ+ ζ)

a cosϕ+ b
+ v2

(
1− a cosϕ

a cosϕ+ b

)
+ v3.

(11)

A nonlinear change of coordinates to z = (z1, z2) for
feedback linearization (FBL) is introduced as

z1 := εL (12)
z2 := ε̇L = v1 sin εH . (13)

Taking the derivative yields the new error dynamics

ż1 := z2 (14)
ż2 := v1ε̇H cos εH (15)

= v1

(
v1

sin(ϕ+ζ)

a cosϕ+b
+v2

(
1− a cosϕ

a cosϕ+b

)
+v3

)
cos εH.

In matrix form, the FBL error dynamics are[
ż1
ż2

]
=

[
ε̇L
ε̈L

]
=

[
0 1
0 0

]
︸ ︷︷ ︸

A

z+

[
0
1

]
︸︷︷︸
B

η. (16)

Hence, it is clear that ż2 = η. This FBL error system can be
stabilized with any suitable linear controller.

D. Controller Designs

In this work, proportional-derivative (FBL+PD) and Model
Predictive Control (FBL+MPC) controllers were tested in
simulation with and without STC in discrete time. For each,
the vehicle speed v1 was held constant, η was calculated as
a control input, used to determine articulation rate v2, then
STC was applied to obtain a desired steering angle, ζd,k+1,
tracked with a first order lower-level controller. Here k ∈ N
is the time step such that t = kT and T > 0 the sample time
[s], and d indicates a desired value.

1) FBL+PD: We use a controller of the form

η = Kz =
[
k1 k2

] [z1
z2

]
(17)

to asymptotically stabilize the error dynamics for k1, k2 < 0
[2]. Equation (17) can be rearranged for v2 (via (15)) as

v2 =
b

a cosϕ+ b

(
η

v1 cos εH
− v1 sinϕ

a cosϕ+ b

)
. (18)

Note that dependence on front wheel steering input, v3 is
omitted because it is tracked by the STC control loop.

2) FBL+MPC Formulation: Based on prior work [10] for
FBL+MPC of differential drive vehicles, the error dynamics
(14), (15) are approximated in discrete time as

zk+1 = Fzk +Gηk =

[
1 T
0 1

]
zk +

[
T 2

2
T

]
ηk. (19)

We define control input uk as

uk = (ηk, ηk+1, ..., ηk+p−1), (20)

where p ∈ Z+ is the prediction time horizon in k discrete
steps. The discrete time integration of the control sequence is

uk = ∆uk + uk−1 = (∆ηk,∆ηk+1, ...,∆ηk+p−1). (21)

We use the FBL states zk as predicted values to be minimized
given the sequence of FBL control inputs uk. By minimizing
FBL states over the prediction horizon p, we also minimize
path following errors. Taken over the prediction horizon, the
FBL states are stacked together such that

yk+1 = ∆yk+1 + yk = (zk+1, zk+2, . . . , zk+p) (22)

thus the change in FBL states at each timestep k is

∆yk+1 = (∆zk+1,∆zk+2, . . . ,∆zk+p). (23)

We can use these relationships to describe the FBL states over
the prediction horizon as
∆zk+1

∆zk+2

...
∆zk+p


︸ ︷︷ ︸

∆yk+1

=


F
F2

...
Fp


︸ ︷︷ ︸

L

∆zk+


G 0 · · · 0
FG G · · · 0

...
...

. . .
...

Fp−1G Fp−2G · · · G


︸ ︷︷ ︸

M


∆ηk

∆ηk+1

...
∆ηk+p−1


︸ ︷︷ ︸

∆uk

,
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KSTC

Fig. 6: System block diagram showing STC in parallel with
path-following control (either PD or MPC).

written compactly as

∆yk+1 = L∆zk +M∆uk. (24)

Note that, in this case, matrices L and M depend solely on F
and G. Thus, L and M can be precomputed.

3) FBL+MPC Cost Functions: Two cost functions were
implemented to contrast performance. Optimization 1 weighs
the magnitude of change in control input, whereas Optimiza-
tion 2 weighs the magnitude of the input [10]. The weighted
cost functions are given as

J1(∆uk) = y⊤
k+1Qyk+1 +∆uk

⊤R∆uk, (25)

J2(∆uk) = y⊤
k+1Qyk+1 + uk

⊤Ruk, (26)

Since these cost functions are quadratic, representing a linear
convex optimization problem, optimal inputs ∆u∗

k are obtained
by finding the global minimum per

∂J(·)
∂u

= 0.

Optimal control inputs are given as

J1(∆uk) ⇒ (27)

∆u∗
k = −(M⊤QM+R)−1M⊤Q(yk + L∆zk),

J2(∆uk) ⇒ (28)

∆u∗
k = −(M⊤QM+R)−1(M⊤Q(yk + L∆zk) +Ruk−1).

A system block diagram illustrating the control design is
provided in Fig. 6. Feedback linearized error dynamics (11)
converge to zero with a PD or MPC controller, used to set
the articulation input, v2,k (18), while a first-order controller
tracks the desired steering angle to satisfy the Single-Track
Control condition (5) with steering input v3,k.

E. Simulation Experiments

A Python simulation environment was developed to evaluate
and tune the STC+FBL controllers. To compare steady-state
performance and controller responsiveness, a step-input path
was used as a test case. Each controller was tested under
identical initial conditions, with vehicle parameters chosen to
approximate those of a real underground grader (see Table I).
Many real-world factors were not considered – although con-
troller performance would certainly be impacted, the purpose
of this work is to demonstrate that Single-Track Control is
feasible to apply to motor graders.

TABLE I: Simulation parameters and vehicle physical parame-
ters chosen to approximate those of a real underground grader.

Controller Parameter(s) Value
All Controllers Front component length, a 5.26 m

Rear component length, b 1.27 m
Steering range ±55◦

Articulation range ±35◦

q0 [0 m, 10 m, 0◦, 0◦, 0◦]
Vehicle speed 5 m/s

Waypoint resolution 0.5 m
Time step, T 0.1 s

STC+FBL+PD natural frequency, ωn ∈ [0, 2.5]
damping ratio, ζ ∈ [0, 2.5]

nsamples 1000
STC+FBL+MPC q ∈ [0, 50]

r ∈ [0, 10]
p 4 / T

nsamples 100

IV. SIMULATION RESULTS

A. Observed Effect of STC on System Behaviour

Feedback linearization (FBL) “linearizes” the system by
counteracting nonlinear terms through a carefully designed
control input. However, its effectiveness is limited when there
is a plant-model mismatch, potentially leading to failure or
oscillations [11]. In this study, FBL is used to compute the
articulation angle for an idealized articulated vehicle. The
computed input is applied, and the steering angle is determined
separately. As a result, the steering input is omitted from the
FBL system, introducing unmodelled behaviours.

Fig. 7 compares the performance of the STC+FBL+PD
controller for four values of kSTC, increasing from left to
right. As can be seen for kSTC = 0, there is a smooth
transition from high-error, low-effort performance to low-error,
high-effort performance. This result is intuitive, as the more
aggressive the inputs are, the more responsive the controller
is to path-following errors. In contrast, the rightmost figure,
for kSTC = 1 exhibits two distinct regions—a stable region
(low-effort), and a highly oscillatory (high-effort) region. This
result is caused by the aforementioned plant-model mismatch,
introducing nonlinear terms that are not cancelled by the FBL
error dynamics. Notice that the boundary between the regions
of control effort can be moved by varying kSTC. This is an
expected result because the gain directly varies the magnitude
of the unmodelled system behaviour.

B. Tuning Study

Several strategies can mitigate the oscillatory effects caused
by the plant-model mismatch: namely, 1) rate limits can be
inputs on control inputs, reflective of hardware limitations on
real graders, and 2) bifurcation analysis can be performed to
quantify the parametric uncertainty over the operating range,
informing tuning [12]. While promising, these methods are
beyond the scope for this work.

Thus, to gain intuition on the performance of the controllers,
random sampling was used to effectively span the parameter
space to inform tuning strategies. Samples were generated via
Latin Hypercube Sampling, a statistical method that randomly



Fig. 7: Comparison of STC+FBL+PD controllers for four values of kSTC. Colour indicates control effort (L2 norm) of inputs,
and z-axis indicates root mean squared path-tracking errors.

TABLE II: Comparison of controllers. Error was measured as
RMSE of lateral and heading path following errors (εL and
εH ); effort was measured as the L2 norm of the articulation
rate input (v2).

Controller kSTC Parameters RMSE Effort
STC+FBL+PD 0.0 ωn = 1.63, ζ = 1.03 1310 6.19

0.4 ωn = 1.63, ζ = 1.03 678 5.70
0.6 ωn = 1.63, ζ = 1.03 672 5.63
1.0 ωn = 1.63, ζ = 1.03 668 5.50

STC+FBL+MPC1 0.0 q = 22.7, r = 1.89 580 2.97
0.4 q = 11.4, r = 4.29 614 2.34
0.6 q = 11.4, r = 4.29 622 2.34
1.0 q = 11.4, r = 4.29 635 2.67

STC+FBL+MPC2 0.0 q = 2.16, r = 4.78 465 3.35
0.4 q = 0.239, r = 5.19 478 2.51
0.6 q = 0.239, r = 5.19 478 2.49
1.0 q = 0.239, r = 5.19 477 2.46

distributes points within a stratified grid, ensuring uniform
coverage across all dimensions, and reducing clustering com-
pared to other methods [13]. Sampling ranges and number
of samples were determined from experimentation to explore
a domain of values with stable path following performance,
outlined in Table I. Further work could extend this ap-
proach to explore the nine-dimensional parameter space of the
STC+FBL+MPC controllers, varying look-ahead horizon and
penalty weights for each state and control elements.

To maximize performance for practical applications, care-
ful tuning must be done to avoid the region of instabil-
ity. When applied to a real grader, unmodelled dynamics
from actuators and environment interaction will necessitate
conservative tuning parameters to mitigate high oscillations.
For the STC+FBL+PD controller, Fig. 7 suggests a critically
damped system (ζ = 1), a small value for kSTC ≈ 0.4 to
maximize the region of stability, and to increase ωn until the
desired performance is achieved. For both STC+FBL+MPC
controllers, it is recommended to maintain of q

r ≈ 5 for best
performance. It is observed that kSTC has a small effect on
performance for the MPC controllers (see Table II).

C. Controller Performance

The performance of each controller was assessed based
on two primary criteria: Path-following accuracy, measured

by RMSE of lateral and heading errors, as well as control
effort, defined as the sum of the L2 norm of both varying
control inputs, v2 and v3, representing the total actuator energy
required to follow the reference path.

For each controller, Table II shows the metrics for “good”
gains, obtained by following the tuning strategy outlined in
IV-B. For consistent comparison, identical gains were used to
compare each of the controllers that include STC (kSTC > 0).
Because the loss landscape is different for STC-disabled con-
trollers, separate “good” gains were chosen. Fig. 8 compares
the path tracking performance for each controller, while Fig.
9 show the magnitude of control inputs.

For the STC+FBL+PD controller, the best results in terms
of RMSE and control effort were observed with kSTC = 1.
However, as evident in Fig. 7 the region of instability is much
greater than for other values, without a major improvement
in performance (> 5 % for both metrics). Additionally, it is
apparent that STC-enabled controllers demonstrated improved
performance over the STC-disabled controller in both metrics.

With MPC controllers, the STC-disabled trials demonstrated
lower path-tracking error and higher control effort than the
next best STC-enabled controller (MPC1: −6 % RMSE,
+24 % effort, MPC2: −3 % RMSE, +36 % effort). This may
be attributed to the plant-model mismatch induced by STC,
affecting the performance of the FBL controller to track v2,k.

Best performance for MPC1 was observed with kSTC = 0.4,
representing a small improvement over kSTC = 0.6. High
oscillations were observed with kSTC = 1.0, as seen in
Fig. 8 and 9, indicating instability. All STC-enabled MPC2
controllers demonstrated nearly-identical RMSE and control
effort (within 2 % each), indicating that STC has minimal
impact on controller performance for MPC2.

Among STC-enabled controllers, MPC1 showed the lowest
control effort overall. This makes sense because J1(∆uk) is
defined as penalizing the magnitude of the change in input
over each timestep, per (25). Additionally, STC-enabled MPC2
showed the lowest RMSE. This is expected because J2(∆uk)
is defined to minimize control input magnitude, instead re-
warding convergence to the path, per (25). As expected, both
MPC controllers outperform the PD controller in terms of
RMSE and effort, but are more computationally expensive.



Fig. 8: Path following trace for each controller.

Fig. 9: Magnitude of articulation and steering inputs for each
controller.

D. Recommendation

STC-enabled MPC2 controllers demonstrate the most poten-
tial for implementation on a real vehicle. With the lowest path
tracking error, low control effort, and stability for all kSTC,
there is lower risk for collisions with drift walls.

Although PD controllers are the simplest to implement,
the large region of instability as well as delays in changing
direction are practical considerations that limits its usefulness.
Furthermore, the STC-enabled MPC1 controllers presented the
lowest control effort, but can be unstable for high values of
kSTC, behaviour that could be amplified when slip, friction,
noise, and other effects affect the system.

E. Future Work

Several areas for further research and application remain
open. One key direction is addressing the plant-model mis-
match, which could be mitigated by imposing actuator rate
limits to reflect real-world hardware constraints, conducting
bifurcation analysis to quantify performance across the op-
erating range, or a modification to the FBL error dynamics
to explicitly account for STC effects. Additionally, practical
implementation requires a deeper understanding of how to
model and compensate for dynamic disturbances that arise
from terrain-interaction forces. Furthermore, incorporating
wheel lean as an additional control input within STC could
further enhance stability by actively managing lateral forces,
a potential avenue to improve manoeuvrability.

V. CONCLUSION

This paper formulates Single Track Control (STC) for
motor graders, leveraging kinematic redundancy to ensure
that the front and rear wheels follow a single track. Three
controllers were implemented, PD as well as two MPC, for
feedback linearized error dynamics. Simulation experiments
were conducted to validate path-following control, which
revealed a bisection of control effort into regions of low-
and-high stability for similar path tracking performance. The
boundary of this bisection could be varied by changing the
first-order gain on STC, kSTC, without compromising path
tracking errors. The results of simulation experiments indicate
that STC-enabled MPC2 controllers are the most practical for
real-world implementation. Stable for all values of kSTC, and
demonstrating the best performance (28 % lower RMSE than
next best), is the best candidate for undeground motor grader
autonomy.
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