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ABSTRACT

Understanding the effects of electronic control systems, such
as Antilock Braking System (ABS) and Electronic Stability Control
(ESC), and their interaction with the steering control algorithm is
critical for improving mobility and maneuverability of
autonomous wheeled vehicles in off-road environments.

In this work, we evaluate the effects of wheel-speed based ABS
and yaw-rate-following ESC on the performance of an
autonomously-driven Polaris vehicle performing a double-lane-
change (DLC) maneuver in granular terrain. The performance is
evaluated in terms of the maximum speed at which the vehicle can
pass the DLC test. Two lateral speed controllers are compared: a
simple PID and a Stanley autonomous steering controller, along
with the longitudinal speed controller that accelerates the vehicle
to identify the maximum DLC passing speed. The simulations were
conducted using the Chrono simulation package with the Soil
Contact Model (SCM). The SCM parameters based on dry sand soil
bin measurements were chosen from published literature. The
ABS effects were found to be negligible or detrimental, while the
ESC augmented the lateral steering control algorithm allowing the
vehicle to achieve higher DLC passing speeds.
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1. Introduction

Electronic control systems allow vehicles to better handle
slippery road-surface conditions and improve the safety of
occupants during emergency driving maneuvers. These systems
therefore became standard for on-road vehicles. Improving
vehicle mobility and driver safety for vehicles in off-road
environments is less explored, presenting challenges for
agriculture, construction, military, and space exploration.

This work examines the effect of Antilock Braking System
(ABS) and Electronic Stability Control (ESC) on the ISO-3888-1 test
performance in sand-like terrain.

2. Double lane change test

The double lane change test (DLC) for road vehicles is
described by the ISO 3888-1 standard. The test aims to evaluate
the safety of the vehicle during an aggressive lane change
maneuver. The vehicle driving path during the test is constrained
as shown in Fig. 1. Details for the vehicle studied in this work are
shown in Fig. 4. Widths of the individual sections of the path are
proportional to the width of the vehicle being tested, with the
consecutive sections increasing in width. The ISO 3888-1 test
targets passenger cars and light commercial vehicles with limited
length, therefore the horizontal lengths of the path sections are
constants not depending on the vehicle length. Lateral boundaries
of sections 1, 3, and 5 are marked by cones that create boundaries
for acceptable vehicle trajectories. The vehicle passes the test only
if it stays within the boundaries.
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Fig. 11S0-38881 double lane change maneuver

3. Terrain: Soil Contact Model

The soil contact model (Krenn and Hirzinger, 2009),
specifically its efficient implementation in Chrono (Serban et al,,
2023), was used to model the interaction between the soil and the
vehicle's wheels. The model is based on Bekker’s terramechanics
law

p= (k)2 &

(Bekker, 1956). This expression relates the normal pressure p
along the contact patch for a wheel with the width b to the contact
sinkage z, in terms of the coefficient K. related to soil cohesion, the
coefficient Ky related to soil stiffness, and the soil sinkage
exponent n. The shear stress in SCM is expressed following the
formulation by Janosi and Hanamoto (1961)
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T = Tyax(1 — e77/¥) @)

where j is accumulated shear and k is the Janosi parameter. The
Tmax 1S given by Mohr-Coulomb failure criterion

Tmax = € +p tan (¢) 3)

where c is the soil cohesion, where p is the normal pressure from
Eq. (1), and ¢ is the soil internal friction angle. This study applied
SCM parameters for the dry sand from Guo et al. (2019) listed in
Table 1.

Table 1

Parameters of the SCM soil model (Guo et al., 2019)

Parameter Value Unit
K. 1000 N/mn+1
Ky 1528600 N/mn+2
n 1.08 -
k 0.024 m
c 200 Pa
¢ 27 °

4. Chrono Polaris 3D vehicle dynamics model

The effect of control systems was studied on a 3D Polaris AWD
vehicle model as implemented in the Chrono software package
(Serban et al,, 2019; Tasora et al,, 2015). The model consists of a
rigid chassis, a double wish-bone suspension in front, a three-link
independent rear arm suspension in the back, and a powertrain
with automatic transmission characterized by lookup tables. Most
significant parameters of the vehicle model are listed in Table 2.

Table 2

Parameters of the Chrono Polaris vehicle model

Parameter Value Unit
Mass 1378 kg
Wheelbase 2.72 m
Max steering angle 27 °
Vehicle width 1.51 m

5. Control systems

Four control systems were subject of this study: antilock
braking system (ABS), electronic stability control (ESC), along with
two steering controllers: a proportional steering controller with
look-ahead and a Stanley steering controller.

5.1. Antilock braking system

The ABS algorithm following the one presented in Pacejka and
Besselink (2012) was applied in the present work. As described in
Jelinek et al. (2024) and illustrated in Fig. 2, the ABS algorithm
applied in this study examines the wheel speed, which is
designated by 7,,02 in the upper plot in Fig. 2, to modulate the
braking effort by either 1) applying reduction gradually lowering
the braking effort requested by the driver, 2) keeping the net
braking effort at the constant level, or 3) increasing the braking
effort gradually back to the level requested by the driver. When
braking is required, the driver requests an increase in braking
torque Mz at the driver’s desired rate up to a desired maximum
value. The ABS will allow the braking torque to increase until point
B is reached. After reaching point B, the torque is reduced by the
ABS at a given rate Rz until point C is reached, as shown in the
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middle plot in Fig. 2. Then, the braking torque remains constant in
the interval between points C and E. At point E, when the wheel
velocity has caught up sufficiently with the vehicle velocity, the
braking pressure is pumped up at a rate R; until it reaches the
original driver’s brake request (state Z).
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Fig. 2 ABS algorithm

5.2. Steering controllers

Two steering controllers implemented in Chrono software
suite were examined in this study.

The first steering controller was a path-following controller
with look-ahead and feedback proportional to the error in
projected trajectory. This path-following steering controller first
constructs a cubic Bezier curve located between the DLC path
boundaries as depicted by the dashed line in Fig. 4. The controller
sets the steering command so that the projected path of the vehicle
at the look-ahead distance (sentinel point) follows a point on the
Bezier curve at the look-ahead distance (target point). For this
controller, only the proportional feedback coefficient Kp of the full
proportional-integral-derivative (PID) version available in Chrono
was tuned, while the integral and derivative feedback coefficients
Kirand Kp were set to zero in this work to avoid the need for
extensive tuning. The constant parameters of the path-following
proportional steering controller and the intervals of values for the
parameters varied in this study are shown in Table 3.

Table 3

Parameters of path-following proportional steering controller
Parameter Value / <range> Unit
Look-ahead distance 5.0 m
Kp <0.1, 256> -
Ki 0.0 -
Kp 0.0 -

The second steering controller examined in this study was the
Stanley path-following steering controller (Hoffmann et al., 2007).
This controller was developed by a team from Stanford University
for a vehicle that won the 2005 DARPA Grand Challenge (Thrun et
al,, 2006). It corrects both directional and lateral (cross-track) path
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errors, allowing the vehicle to return to the desired path even in
the presence of large disturbances. The desired steering angle § is
given by

Kse(t)
v(t)
Here, the v is the directional path error, the e is the lateral (cross-
track) path error, and the v = |v| is the vehicle speed as illustrated

in Fig. 3. The parameter Kg quantifies the corrective strength of the
feedback for the lateral error.

6(t) = Y(t) + arctan
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Fig. 3 Stanley steering control variables

The intervals of values for the parameters that were varied in
this study are listed in Table 4. Additional features of the Stanley
controller, as time delay, reset, dead zone, and tire dynamics, were
not applied here.

Table 4

Parameters of Stanley steering controller

Parameter Value / <range> Unit
Ks <0.1, 256> -

5.3. Electronic stability control

The yaw-rate following ESC algorithm applies braking
command correction proportional to the difference between the
desired and actual yaw rate. The desired yaw rate wy, is calculated
from the steering angle ¢, a forward component of the vehicle
velocity v, and from the vehicle wheelbase L as follows.

_ v tan (6)

Wp L (5)

The actual yaw rate w, is the angular speed of a vehicle about
its vertical axis. The corrective braking command cf for the front
wheels and cj for the rear wheels, both limited within the interval
<0, 1> corresponding to zero braking torque and maximum
braking torque, are calculated from the steeringdeltad = w,— wp
as follows.

Crp = KF A, Cp = KR A (6)

The corrective braking is applied only on the left (right) side
when the desired yaw rate is larger (lower) than the actual yaw
rate. Yaw rate is considered positive for the left turn. The different
correction coefficients Kr and Ky can be applied for the wheels on
the front (steered) axle and the rear (not steered) axle. The ESC
will activate only after 4 exceeds the threshold of 0.01 radians per
second, and it will deactivate when 4 is lower than this threshold
for more than one second. The ESC parameters and intervals
within which the parameters were varied are listed in Table 5.
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Table 5

Parameters of Electronic Stability Control

Parameter Value / <range> Unit
Activation threshold 0.01 rad/s
Deactivation delay 1.0 s
Front correction coefficient Kr <0.01, 32> 1/rad
Rear correction coefficient Kz <0.01, 32> 1/rad

6. Results

This section summarizes simulation results, showing how the
controllers were tuned and assessing the effects of electronic
control systems on the maximum speed at which the vehicle can
pass the DLC test.

6.1. ABS effects on DLC test

ABS significantly improves control of the vehicle when braking
on a hard surface. The goal of the present ABS algorithm is to
reduce braking effort to avoid the wheel locking (skid) and to
regain the grip with the road surface. On granular terrain,
represented by the SCM model in this study, the reduction of the
braking command resulting from ABS action was found either
negligible - when the braking was not sufficiently strong to cause
excessive wheel deceleration, or detrimental - when the ABS
reduction in braking interfered with the braking requested by ESC.
To avoid this interference, the ABS was turned off during all ESC
tests on granular terrain presented next.

6.2. ESC effects on DLC test without tuned steering

Tuning of ESC parameters for the vehicle to achieve the
maximum DLC-passing speed was first performed with the default
values kept for the steering parameters.

The path-following proportional steering controller had the
default value of Kp = 0.5. The DLC tests with combinations of Kr
and Kr values of 0, 2, 4, 8, 16, 32 were executed. The vehicle passed
the DLC test at the maximum speed of 10 m/s, with KrKr
combinations of 4:2, 8:4, 8:2, 16:8, 16:4, 16:2 and 32:3, 32:4, 32:2.
Locking of the front wheels (but not rear) when the steering delta
was large was observed in each of these cases. Wheel trajectories
along with target and sentinel point locations for the DLC test of
the vehicle using the proportional steering controller with Kp =
0.5 are shown in Fig. 4. Without ESC (upper plot), the vehicle fails
the DLC test due to the front right wheel leaving the course. The
lower plot shows the vehicle passing the DLC test with K = 4 and
Kgr = 2. The corresponding actual and desired yaw rate, steering
delta, and braking commands for the front left, front right, rear left,
and rear right wheels are shown in Fig. 5.

For the Stanley steering controller with the default Kg = 0.5,
the maximum speed for the vehicle to pass the DLC test was found
to be 10 m/s. The only Kr:Kr combination that passed the DLC test
at the maximum speed 10 m/s was 32:2, which resulted in the
front wheel being locked when the most intense steering was
applied.

6.3. ESC effects on DLC test with tuned steering

Tuning the proportional steering controller revealed that the
Kp values of 16 or higher resulted in the maximum DLC passing
speed of 15 m/s even without ESC. When ESC was applied
at15m/s, the Kp value of 8 was sufficient with the KrKz
combination of 0.01:0.01. An increased maximum DLC passing
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speed of 16 m/s was then achieved with the help of ESC, but only
with Kp 2 32 and small KrKr combinations, as 0.02:0.02 or
0.04:0.02. The vehicle failed the test with the Kr:Kr combinations
0f0.01:0.01 and 0.04:0.04. Notably, the maximum steering angle is
reached even when performing the DLC test at lower speeds. For
example at 13 m/s, the minimum required Kp = 4 resulted in
applying maximum steering angle - specifically when the vehicle
turns to return to the original lane (x = 80 m in Fig. 4) and when it
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turns to straighten the direction of travel after returning to the
original lane (x = 100 m in Fig. 4).

Tuning the Stanley steering controller led to the maximum DLC
passing speed of 11 m/s - with the K5 values in the interval
<110, 256>. The maximum passing speed of 11 m/s was achieved
without ESC, and engaging ESC did not help enough to pass the DLC
testat 12 m/s.
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Fig. 5 Actual and desired yaw rates, steering delta, and corrective brake commands (front left, front right, rear left, rear right) initiated by ESC

6.4. Comparison of DLC tests without ESC on hard surface vs. SCM

The maximum passing speeds and tuned parameters for the
proportional and Stanley steering controller when the vehicle

drives on an SCM surface and on a hard surface are listed in Table

The maximum passing speed is always lower on the SCM
terrain than on the hard surface. To achieve maximum DLC passing
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speeds on either surface requires optimization of the steering
controller’s Kp or Ks values.

For the soft surface, it proved more difficult to find a single
optimal value than for the hard surface. Numerous runs for the
Stanley controller were examined to identify the range of
parameters where the vehicle passed the test. Just outside the
boundaries of this range, some of the tests have failed and some
passed. Further from the boundaries, all tests failed.

With the Stanley controller, the optimal Ks for soft surface is
much larger than for the hard surface.

Table 6
Max passing speed without and with ESC on SCM surface vs. hard surface
Hard surface SCM surface
Steering Max DLC Max DLC With ESC
troller  Tuned - Tuned .
con passing passing
parameter parameter
speed speed
Proportional Kr=20 24m/s 11<Kp<64 15m/s 16 m/s
Stanley Ks=0.2 19m/s 110<Ks<430 11m/s 11m/s

7. Conclusions and future work

The present study revealed that only minimal ESC intervention
was required when the proportional steering feedback coefficient
Kp was tuned to achieve the highest DLC speed on the sand-like
SCM surface. However, the ESC helped to increase the maximum
DLC passing speed when the steering was not tuned, compensating
for the low value of the steering feedback coefficient Kp. With the
Stanley steering controller, ESC did not help to improve maximum
DLC passing speed.

The proportional path-following steering controller allowed
the vehicle to pass the DLC test at significantly higher speeds than
the Stanley steering controller, demonstrating that robustness of
Stanley controller comes with a cost of accuracy in the case of a
tight-boundary DLC test on a homogeneous SCM surface. With
increased speed, the two steering controllers required higher
values of Kp and Ks, respectively.

For future work, the effects of the look-ahead distance
parameter should be studied. The derivative and integral feedback
should also be evaluated for improvement of the steering stability.
Other steering controllers, for example simple-realistic and pure-
pursuit controllers, need to be examined and a wider range of
testing scenarios should be deployed. Given that the maximum
steering angle was reached in many of the SCM tests, simulations
with increased maximum steering angle could be performed to
check for increased maximum DLC passing speed.
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