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Abstract

Greenhouse gas emissions are a global concern, with the transportation sector being
a significant contributor. Enhancing energy efficiency in transportation can play a
crucial role in mitigating these emissions. One promising approach to achieving this
is the introduction of long combination vehicles (LCVs), which improve logistical
efficiency by increasing load-carrying capacity. By reducing the number of vehicles
needed to transport the same amount of cargo as a single-combination vehicle, LCVs
help lower emissions and promote more sustainable transportation.

However, LCVs also present substantial challenges for drivers. Their increased length
and weight reduce maneuverability in tight spaces and pose stability concerns at
higher speeds. This can, to a large extent, be handled by legislation based on
performance-based standards (PBS) [1], but reversing is not covered in today’s PBS.
The vehicle becomes more unstable as the number of articulation joints increases,
as a result blind spots are created, limited visibility, and the need for precise artic-
ulation control. In certain situations, where the turning radius is restricted, drivers
may be required to decouple and reposition trailers to complete a reversing maneu-
ver. Additionally, most trucks lack onboard visualization systems to assist drivers
during these operations.

This research explores an innovative solution by utilizing optimally controlled, mul-
tiple steered axles in LCVs. By actively managing the articulation angles, this ap-
proach aims to address maneuverability challenges, improve stability, and enhance
overall vehicle performance. The primary focus of this thesis is to develop and im-
plement a reverse steering assist system with a control strategy for the articulation
angles of LCVs during reversing maneuvers. We specifically utilize an A-double
combination vehicle, equipped with two steerable axles—one on the tractor and one
on the last axle of the final trailer. This solution improve the maneuverability of
the combination vehicle, ultimately enhancing operational efficiency and safety.

Keywords: Long combination vehicle, Reversing, Steering assist, Articulation an-
gle control.
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Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables that have been
used throughout this thesis.

Indices
1 Vehicle unit number
j Axle number
Parameters

For Kinematic vehicle model

Ly Tractor wheel base [m]

by Distance from pivot 1 to tractor rear axle [m)]

Ly Distance from pivot 1 to rear axle of semi-trailer-1 [m]
by Distance from rear axle of semi-trailer-1 to pivot 2 [m]
Ls Distance from pivot 2 to axle of dolly [m]

b3 Distance from dolly axle to pivot 3 [m]

Ly Distance from pivot 3 to rear axle of semi-trailer-2 [m]

For All axle vehicle model

Lia Tractor front axle to first axle of rear axle group [m)]

L3 Tractor front axle to last axle of rear axle group [m]

by Distance from pivot 1 to tractor last axle of rear axle group [m]|

Loy Distance from pivot 1 to first axle in rear axle group of semi-trailer-1
[m]

Lo Distance from pivot 1 to second axle in rear axle group of semi-

trailer-1 [m)]

X1



L42

L3

Variables

o1
a1
U1z
b1
o1
P2
¢z
3
03
P4
61
01
)
05
0,

0

xii

Distance from pivot 1 to third axle in rear axle group of semi-trailer-
1 [m]

Distance from third axle in rear axle group of semi-trailer-1 to pivot
2 [m]

Distance from pivot 2 to first axle of dolly [m]
Distance from pivot 2 to rear axle of dolly [m]
Distance from dolly rear axle to pivot 3 [m]

Distance from pivot 3 to first axle in rear axle group of semi-trailer-2
[m]

Distance from pivot 3 to second axle in rear axle group of semi-
trailer-2 [m)]

Distance from pivot 3 to third axle in rear axle group of semi-trailer-
2 [m]

Steering angle of the tractor [rad]

Steering angle of the semi-trailer-2 [rad]

Longitudinal velocity of the tractor [m/s]

Yaw angle of the tractor [rad]

Yaw rate of the tractor [rad/s]

Yaw angle of the semi-trailer-1 [rad]

Yaw rate of the semi-trailer-1 [rad/s]

Yaw angle of the dolly [rad/s]

Yaw rate of the dolly [rad/s]

Yaw angle of the semi-trailer-2 [rad/s]

Yaw rate of the semi-trailer-2 [rad/s]

Articulation angle between the tractor and the semi-trailer-1 [rad/s]
Articulation angle between the semi-trailer-1 and the dolly [rad/s]
Articulation angle between the dolly and the semi-trailer-2 [rad/s]

Articulation angle rate between the tractor and the semi-trailer-1

[rad/s]

Articulation angle rate between the semi-trailer-1 and the dolly
[rad/s]

Articulation angle rate between the dolly and the semi-trailer-2
[rad /s]



Articulation angle between the dolly and the semi-trailer-2 [rad/s]

X coordinate of the front axle of the tractor [m]

Y coordinate of the front axle of the tractor [m]

X coordinate of the lumped rear axle of the tractor [m)]
Y coordinate of the lumped rear axle of the tractor [m)]
X coordinate of the lumped axle of the semi-trailer-1 [m]
Y coordinate of the lumped axle of the semi-trailer-1 [m]
X coordinate of the lumped axle of the dolly [m]

Y coordinate of the lumped axle of the dolly [m]

X coordinate of the lumped axle of the semi-trailer-2 [m]

Y coordinate of the lumped axle of the semi-trailer-2 [m]

X coordinate of the rear coupling point on the tractor unit [m]

Y coordinate of the rear coupling point on the tractor unit [m]

X coordinate of the rear coupling point on the semi-trailer-1 unit

[m]

Y coordinate of the rear coupling point on the semi-trailer-1 unit

[m]

X coordinate of the rear coupling point on the dolly unit [m]

Y coordinate of the rear coupling point on the dolly unit [m]
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1

Introduction

In this chapter, background information, research questions, assumptions, and a
review of literature that outlines the related work carried out in this field of study
are presented.

1.1 Background

The transportation of goods is a fundamental component of any economy. In partic-
ular, land-based freight transport is predominantly carried out by trucks. Accord-
ing to Eurostat data from 2022, road transport in the European Union accounted
for approximately 24.9% of the total freight transport performance, measured in
tonne-kilometers. This represents a notable increase from 2012, when the share was
approximately 22% [2].

Furthermore, in 2023, new truck registrations in the European Union rose signifi-
cantly by 16.3%, reaching a total of 327,896 units. This growth was largely driven
by an 8.5% increase in the sales of medium and heavy commercial vehicles, which
amounted to approximately 94,800 units [3].

In the Nordic countries, there has been a progressive shift towards permitting the
use of Long Combination Vehicles (LCVs). Finland was the first among these coun-
tries to legalize LCVs specifically A-double and AB-double combination in 2019.
Subsequently, in December 2023, Sweden officially legalized the operation of LCVs
with a total length of up to 34.5 meters. The initial field trials in Sweden began
as early as 2009. The first official High Capacity Transport (HCT) combination
introduced was a 90-tonne truck and B-double timber configuration. Additional
field tests commenced in February 2012 for the transportation of general cargo be-

tween Gothenburg and Malmo. These included a 66-tonne double center-axle trailer
combination (DUO-CAT) and an 80-tonne A-double combination (DUO-Trailer) [4].

In Sweden, two of the most common configurations for long-distance freight trans-
port are the B-double combination and the Nordic combination. These vehicle types
can reach a total length of up to 25.25 meters, enabling the efficient transport of
large volumes of goods over extended distances. Recently, there has been a grow-
ing trend toward the legalization and adoption of even longer vehicle combinations
across the region.
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Key Technical Requirements and Legal Provisions:

According to regulation TSFS 2025:17 [5], the following conditions apply to vehicle
combinations exceeding 25.25 meters and up to a maximum of 34.5 meters in total
length:

This new regulation is applicable only on approved roadways, as designated under
Sweden’s Traffic Ordinance. It will enter into force on 15 April 2025, superseding
the previous regulation, TSES 2023:42 [6].

The five approved vehicle configurations [7] are as follows:

e A-double: Tractor unit + semi-trailer + dolly + second semi-trailer

e AB-double: Rigid truck + dolly + link semi-trailer + semi-trailer

e B-double: Tractor unit + link semi-trailer + semi-trailer (link trailer length
< 12m)

« C-double: Rigid truck + two drawbar trailers (maximum height: 4.0 m)

» Nordic combination: Rigid truck + dolly + semi-trailer (approximate total
length: 27 m)

The increasing deployment of heavy-duty trucks and innovative vehicle configura-
tions underscores the rising demand for efficient and cost-effective transportation
solutions in Europe, particularly in regions where road transport plays a pivotal
role in the logistics sector.

The major players in the truck manufacturing industry, such as Daimler, Volvo
Group and Scania AB, mainly focuses on the truck manufacturing and are not
typically involved in the trailer manufacturing business. There remains a distinct
separation between truck and trailer manufacturers, with each segment operated
by different companies. While truck Original equipment manufacturer (OEM) are
dedicated to the design and production of the vehicle’s cab and drivetrain, the
responsibility for trailers falls to specialized companies, such as Wabash, Utility,
and Schmitz Cargobull, among others.

This division has created a gap in the integration of technologies between the truck
and trailer sectors. However, recent developments indicate a growing effort to bridge
this gap, as trailer manufacturers are increasingly incorporating advanced technolo-
gies aimed at enhancing the efficiency and sustainability of trailers. Innovations
in telematics, communication systems, and fuel-saving technologies are being inte-
grated into trailer designs. For these technologies to deliver optimal performance,
effective integration with existing truck systems is essential. The communication sig-
nal specifications relevant to this integration are defined in ISO 11992-3 [8]. OEMs
are advocating for the inclusion of additional communication signals to support a
wider range of trailer functions within truck control systems.

Recognizing the need for improved integration, truck OEMs are increasingly collabo-
rating with trailer manufacturers to explore more efficient solutions that incorporate
advanced communication protocols and technologies. This collaboration aims to de-
velop fully integrated systems in which tractor and trailer operate seamlessly, thus
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improving fuel efficiency, sustainability, and overall cost-effectiveness in transporta-
tion operations.

The current trend points toward a more integrated approach in the design and
development of both trucks and trailers, with an emphasis on creating connected,
intelligent vehicles that are not only economically viable but also environmentally
sustainable. This collaboration between truck and trailer manufacturers is a step
toward addressing the growing demand for smart logistics solutions, which is be-
coming increasingly important as the industry seeks to meet stricter environmental
regulations and improve operational efficiency.

This integration is expected to play a key role in the future of transportation, with
an increasing focus on digital technologies, telematics, and automation, helping to
provide more efficient, connected, and environmentally friendly fleets.

In the trucking industry, the trailers that are predominantly used do not have steer-
ing axle, instead it relies only on the tractor steering. Existing technologies like
"Trailer Assist," commonly used in passenger vehicles, have greatly improved the
ease of reversing vehicles with trailers attached. This technology typically utilizes
cameras that provide a clear view from the rear of the vehicle, covering blind spots
and making it easier for drivers to reverse safely. The majority of passenger car man-
ufacturers have integrated this system into their vehicles, enhancing convenience and
safety [9].

However, similar technologies are not yet widely available for heavy trucks and long
combinations, creating significant challenges for drivers when reversing. In the case
of long combinations, such as the A-double combination which includes a tractor,
semi-trailer, dolly, and a second semi-trailer reversing becomes particularly difficult.
This is due to the complexity introduced by the varying lengths of each unit, espe-
cially the dolly, which is the most sensitive and challenging part to maneuver when
reversing. The driver must navigate the changing articulation angles between the
different units, further complicating the task.

Trailer manufacturers are beginning to address this issue by developing advanced
reversing assist systems designed specifically for trucks and long combinations. For
instance, companies like ZF have introduced an advanced "Reverse Assistance" func-
tion that utilizes a rearward-directed camera on (last) trailer end with a 180-degree
view to provide the driver with comprehensive feedback during reversing. This sys-
tem improves visibility and helps the driver navigate tight spaces more safely [10].

Similarly, Bosch has developed a reversing assist technology that employs a rear-
mounted camera on the first vehicle unit to detect and continuously measure the
articulation angle to measure the coupling angles of the units in a combination
vehicle. These sensors, along with a Human-Machine Interface (HMI), provide real-
time data to the driver, helping them understand the position and movement of the
vehicle as they reverse. The technology is designed to ensure better control over the
vehicle during reversing, reducing the risk of accidents or collisions [11].
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These developments highlight the growing need for integrating advanced technologies
into the truck and trailer sector. As the logistics industry continues to evolve, such
systems will play a vital role in enhancing driver safety, improving efficiency, and
reducing the complexity of handling large, articulated vehicles. By addressing the
unique challenges of reversing long combinations, manufacturers can significantly
improve the overall driving experience.

The tractor-semitrailer combination, which has a single articulation angle and is
comparatively easier to operate due to its more predictable movement, already in-
cludes reverse assistance solutions. However, an LCV that has multiple articulation
angles has significantly increased complexity when it comes to reversing and this
have limited the availability of comparable assistance solutions.

1.2 Purpose

The purpose of this thesis is to investigate the benefits of incorporating a actively
steered axle on a semi-trailer in combination with the steering axle of the tractor
unit. The lateral characteristics of interest include the low speed swept path (LSSP)
at low speeds, particularly during reverse maneuvers. The primary objective of
this work is to develop a low-speed reverse assistance functionality for an A-double
combination.

LCVs, such as the A-double configuration, which is solely based on the steering and
propulsion of the tractor unit, often face significant challenges when maneuvering in
confined spaces. By introducing an additional active steering system on the last axle
of the second trailer of an A-double combination, these maneuverability challenges,
especially during reversing, can be mitigated At low forward speeds, a self-steering
axle (also known as a friction-steered or swiveling axle) is often sufficient to improve
cornering. However, during reversing, the axle must be actively steered, meaning it
should follow a commanded steering angle, in order to maintain control and enhance
overall maneuverability.

1.3 Goals

The aim of this thesis is to,
1. Investigate the existing market solutions available for the low-speed reversing.
2. Understanding the difficulties faced by the driver while reversing the LCV.

3. Develop a controller utilizing two steerable axles (one on the tractor front axle
and one on the last semi-trailer last axle).

4. Test the controller and compare the effects of having laden/unladen mass on
the last trailer while reversing in Volvo Transport Model (VTM).
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5. Setup the controller model setup for a real vehicle.

6. Implement the concept in a test vehicle with a control knob and a HMI display
to provide real-time feedback to the driver.

1.4 Assumptions

The following assumptions hold as a base for this thesis.
1. The reversing maneuver will be driven at low speeds (< 8 km/h).

2. The path in which the vehicle will have to travel will be set by the driver with a
control knob as the driver plays an important role in the path planning, Hence
the path planners will not be designed in this thesis. The visual feedback is
provided based on the real time measurement of articulation angle sensor data
instead of camera feed.

3. An articulation angle sensor is available at each articulation point of the A-
double combination.

1.5 Limitations

The limitations of this thesis are as follows.

1. The vehicle setup is limited to an A-double which comprises a 6 x 4 tractor
with a steerable front axle, a three-axle semi-trailer, a two axle dolly unit and
a three axle semi-trailer with the last axle being a steerable axle.

2. The vehicle is considered to be driven only on a flat surface.

3. Steering-rate limiters were not considered in this thesis.

1.6 Literature Review

The long combination vehicle (LCV) typically consists of multiple units that are
combined into a configuration to carry out the commercial transport activity. The
major challenge with articulated vehicles is to reverse them which requires a skilled
driver. Previous publication work done on A-double combination reverse is being
discussed in the subsection (1.6).

In the study by Ashok et al. [12], the reverse assist for an A-double combination
vehicle was implemented, wherein only the front axle of the tractor is the steer-
able axle. The equations of motion were formulated using a kinematic modelling
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approach, and two different control strategies were discussed: one being the Path
Prediction Controller (PPC) and the other a Radius controller. The study was con-
ducted both in a simulation environment and with a scaled Remote-Control (RC)
vehicle.

Matsushita et al. [13] studied three control strategies for a double trailer vehicle.
The first is a velocity controller, and the second has different types of steering con-
troller. The velocity controller proposed in this research can be used regardless
of the number of connected trailer units. In the first steering controller, the ve-
hicle could reverse but the tractor unit was unstable. To overcome this, a second
steering controller was proposed that used the Lyapunov function and backstepping.

According to a study conducted by Morales et al. [14] for multi-trailer combination
trucks, the suggested system could prevent Jack-knifing and inter-unit collisions.
The steering-wheel feedback force has been adjusted based on the curvature limit
calculated for a specific combination of one or more trailers, implements jackknife
avoidance. Steering limitations have been introduced to the last trailer unit wherein
it has been considered as a virtual tractor to avoid jack-knifing and inter-unit colli-
sion.

Rimmer et al. [15] in her work on a reverse control technique implemented two
controllers for a B-double combination vehicle. The first one being a preview point
controller and the second one is a state feedback controller with Linear Quadratic
Regulator (LQR) tuning in which the later outperforms. While reversing an artic-
ulated, there will be some delay, which is compensated by considering the lateral
offset point in Preview point controller and in State feedback controller it is com-
puted by using the look ahead distance. The articulation angles were measured
using an articulation angle sensor.

The study conducted by Ge et al. [16] investigates a reversing strategy that ad-
dresses the limitations associated with Steady-state Circling Limitation (SSCL).
The author propose two novel reversing principles based on articulation angles, de-
rived through a kinematic model. The first principle, the Controllable Articulated
Angle-oriented Reverse Principle (CAARP), primarily aims to prevent inter-unit
collisions. The second principle, the Locked Articulation Angle-oriented Reverse
Principle (LAARP), is employed in scenarios where the application of CAARP is
not feasible.

Oskar et al. [17] have pursued a cascaded control approach, where the low-level
controller is a state feedback controller stabilizing the articulation angles, and the
high-level controller implements path planning and control (PPC) to account for
path tracking.

Astolfi et al. [18] have proposed nonlinear control laws utilizing Lyapunov tech-
niques to design stabilizing controllers for path tracking of a two-body articulated
vehicle. The proposed approach ensures stability for both forward and backward
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1. Introduction

motions along a straight line or circular path. The control variables include the
longitudinal speed and the steering angle of the front axle of the tractor.

Altafini et al. [19] have studied a hybrid control scheme to stabilize the backward
motion of a miniaturized truck and trailer system along simple paths. The approach
employs a switching controller that alternates between forward and backward closed-
loop control to prevent jackknifing.

Oskar et al. [20] have developed a path planning and path-following control solution
designed to automatically plan and execute complex parking and obstacle avoidance
maneuvers by combining both forward and backward motions. The approach uti-
lizes a lattice-based path planning framework to ensure kinematic feasibility and
collision-free paths. Additionally, a path controller is designed to regulate lateral
and angular errors during path execution.

Sudhakaran et al. [21] have developed an inverse kinematic controller and an I/O
linearization controller for a tractor-semi-trailer combination to control and stabi-
lize the articulation angle. The controller ensures stable tracking of the tractor’s
reference path while reversing.

The limitations of existing studies by Ashok et al., Morales et al. and Oskar et
al. [17] are that only the front axle of the tractor is steered, and visual feedback is
provided to the driver on the HMI with a camera feed.

Trailer Steering:

Trailer steering systems are mainly categorized into two types: self-steered and
actively steered. Under actively steered systems, there are hydraulic and electro-
hydraulic (active) steering systems.

Self-steering (or tracking) axles employ lateral forces generated during cornering,
transmitted through the kingpin geometry, to induce a slight steer angle of the
wheels toward the inside of the turn. This mechanism improves vehicle stability
and reduces tire scrub by aligning the axle more closely with the trajectory of the
combination.

When operating in reverse, however, the self-steering axle must be either locked or
lifted. If left active, the wheels will steer in the opposite direction to that required
for the maneuver, resulting in adverse handling characteristics. This presents a par-
ticular challenge in confined reverse maneuvers, as the vehicle combination must
first be driven forward to allow the steering system to self-center before the locking
mechanism can be engaged.

Actively steered axles employ an electronic control system, in conjunction with hy-
draulic or electric actuators, to adjust the steering angle of the wheels in response
to vehicle speed, articulation angle, and driver input. Unlike passive self-steering
axles, which rely on lateral forces through the kingpin geometry, actively steered
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1. Introduction

axles receive direct commands from a control unit, allowing precise steering inter-
vention to optimize vehicle dynamics.

During forward motion, active steering improves maneuverability at low speeds by
reducing the turning radius, while enhancing stability at higher speeds through con-
trolled counter-steer. When reversing, the system can maintain full steering func-
tionality without the need for lifting or mechanical locking, as the steering response
is governed by the control algorithm rather than passive geometry. This enables
consistent and predictable axle behavior in confined spaces, eliminating the require-
ment to drive forward to centralize the wheels prior to a reversing maneuver.

In Europe, standard semi-trailers are commonly equipped with three rigid axles.
Krone [22] has introduced a self-steered axle that operates similarly to the caster
wheels on a shopping cart. The pivot points of the steering knuckles are located
ahead of the axle center in the direction of travel. This configuration causes the
axle to realign automatically when cornering in the forward direction. During re-
verse travel, the axle is locked by a brake cylinder. A stabilizing beam is incorpo-
rated to prevent uncontrolled movements of the steering knuckles during high-speed,
straight-line travel.

The BPW self-steering axle [23] allows the wheels of the third axle to align natu-
rally when navigating curves. The self-steering function ensures the wheels follow
the turning radius, with undulating thrust plates sliding against each other to facili-
tate motion. The steering angle is set according to the load and is controlled purely
mechanically. As with other self-steering systems, the axle is locked when reversing.
A two-year study conducted by BPW demonstrated that more than 10,000 liters of
fuel can be saved over a distance of 1 million kilometers. The same study showed
that effective tractive forces are reduced by up to 60%, contributing to improved
fuel efficiency and reduced tire wear.

BPW has also introduced an innovative electro-hydraulic auxiliary steering system
known as Active Reverse Control (ARC) [24]. This system is specifically designed
for the last axle of a semi-trailer. Traditionally, self-steering axles are locked during
reversing, rendering them rigid. ARC overcomes this limitation by enabling fully
automated steering during reverse maneuvers at speeds of up to 10 km/h. This
improves maneuverability and reduces tire wear, even in confined or complex oper-
ating environments. Additionally, ARC can also be utilized during forward travel
at low speeds, further enhancing agility. The result is reduced maneuvering time,
lower maintenance costs, and increased operational efficiency.

The VSE Smart Steering System [25] is an advanced electronic steering solution de-
signed to improve maneuverability and precision in multi-axle trailers, particularly
for heavy-duty applications such as modular trailers, low-loaders, and wind turbine
blade transporters. The Electronic Control Unit (ECU) determines the optimal
steering angle for each axle and adjusts the wheel positions based on the sensor
inputs. Designed to enhance maneuverability in confined spaces, the VSE Smart

8
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Steering System is particularly well-suited for large multi-axle trailers that require
precise steering, making it an ideal solution for urban and industrial environments.

Chiu et al. [26] have implemented a feed-forward & feedback control for the tractor-
trailer combination. In the vehicle considered, the front axle of the tractor can be
steered and the last axle of the trailer can be steered. The front axle steering input
is given to the vehicle as a feed-forward control, where the steering input is provided
by the driver, and a feedback control loop is implemented to provide control input
to the rear axle steering of the trailer considering the stabilization of the hitch angle.

Odhams et al. conducted a study using actively steered trailers [27]. The vehicle
that was considered in this study was a B-double. They devised a reversing algo-
rithm that ultilizes path followers in which the steering angle of the first trailer will
be controlled by the driver with a joystick. The steering angle of the second trailer
is then controlled by their reversing controller. The demand for the steering angle
of the tractor was sent to the driver using the driver as a servo.

Werner et al. [28] have developed a path-tracking control which combines the LQR
and output feedback approximation to maintain precision in path-tracking. Wang
et al. [29], have presented an adaptive and robust nonlinear controller based on
Model Predictive Control (MPC) aimed at improving path tracking for tracked ve-
hicles with steerable trailers for agricultural applications. The author designed an
adaptive max-min MPC method to handle uncertainties and disturbances.

In the study presented by Chiu et al. and Odhams et al. the steering of the first
trailer is controlled by the driver. In the study presented in by Werner et al., they
have devised a non-linear controller. The objective of the present research project
is to develop mathematical models for the steered front axle of the tractor, the last
steered axle of the last semitrailer, and to develop a simple linear controller for both
the steering inputs. The feasibility of this approach is supported by the existence
of trailer steering systems and the demonstrated capability of existing controllers to
manage multi-input multi-output (MIMO) systems. These prerequisites provide a
solid foundation for the proposed modeling and control strategy. Furthermore, the
available kinematic data will be utilized to provide visual feedback.
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Vehicle Dynamics

Developing a control logic for reverse assist steering in an A-double combination
requires a thorough understanding of vehicle dynamics and control theory. It is
crucial to account for the influence of system dynamics in achieving the desired con-
trol objectives. The kinematic modeling process adheres to the standard coordinate
system used for vehicle frames, following the right-hand coordinate system defined
in ISO-8855 [30].

Given that the primary focus is on the reversing maneuver of the A-double com-
bination, the model excludes resistive forces such as aerodynamic drag and rolling
resistance. Hence, the kinematic model is considered in this study and is limited to a
single-track model with planar dynamics which only accounts in XY-plane. This ap-
proach simplifies the system using geometric relationships and velocity constraints.

2.1 Vehicle Configuration

The vehicle combination used in this study is an A-double represented in Fig. (2.1),
which consists the following.

1. Tractor of 6 x 4 configuration with steerable front axle

2. Semi-trailer-1 with three non-steerable axles

3. Dolly with two non-steerable axles

4. Semi-trailer-2 with two non-steerable axles and a steerable last axle

SEMI-TRAILER-2 TRACTOR

SEMI-TRAILER-1

Po0Fipor e

Las L2
L23

M ARTICULATION JOINT

Figure 2.1: A-double combination truck with all the axles
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2. Vehicle Dynamics

The dimensions of A-double combination truck with all axles are shown in Table

(2.1).
Table 2.1: Real vehicle parameters
Parameter | Description Value | Unit

Ly Tractor front axle to first axle of rear axle group 2.40 m

L3 Tractor front axle to last axle of rear axle group 3.70 m

b1 Distance from pivot 1 to tractor last axle of rear axle | 0.58 m
group

Loy Distance from pivot 1 to first axle in rear axle group of | 6.80 m
semi-trailer-1

Los Distance from pivot 1 to second axle in rear axle group | 8.10 m
of semi-trailer-1

Los Distance from pivot 1 to third axle in rear axle group of | 9.40 m
semi-trailer-1

by Distance from third axle in rear axle group of semi- | 1.10 m
trailer-1 to pivot 2

L3y Distance from pivot 2 to first axle of dolly 3.90 m

L3 Distance from pivot 2 to rear axle of dolly 5.21 m

b3 Distance from dolly rear axle to pivot 3 0.66 m

Ly Distance from pivot 3 to first axle in rear axle group of | 6.80 m
semi-trailer-2

Ly Distance from pivot 3 to second axle in rear axle group | 8.10 m
of semi-trailer-2

Lys Distance from pivot 3 to third axle in rear axle group of | 9.40 m
semi-trailer-2

To enable a kinematic model the modeling is as shown in Fig.(2.2), each unit is
represented using a lumped axle approach, which avoids scrubbing (a.k.a. lateral
fighting) between axles and retains steer-ability. As a result, the vehicle model being
analyzed comprises a total of five axles, of which two are steerable.

SEMI-TRAILER-2 SEMI-TRAILER-1 TRACTOR
DOLLY
L7\ C\ | 7\ C
v P
b1
L1
Ls b2 L2
La b
[l ARTICULATION JOINT
Figure 2.2: Lumped model of an A-double combination truck
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2. Vehicle Dynamics

The dimensions of the combination are presented in Table (2.2). Each trailer has a
length of 40 feet, resulting in a total combination length of 32.5 meters. The track
width for each axle is modelled as 2.5 meters.

Table 2.2: Kinematic vehicle model parameters

Parameter Description Value | Unit
Ly Tractor wheel base 3.7 m
b1 Distance from pivot 1 to tractor rear axle 0.58 m
Lo Distance from pivot 1 to rear axle of trailer 1 8.10 m
by Distance from rear axle of semi-trailer 1 to pivot 2 | 2.40 m
Ls Distance from pivot 2 to axle of dolly 4.55 m
b3 Distance from dolly axle to pivot 3 0.488 m
L, Distance from pivot 3 to rear axle of semi-trailer 2 | 9.40 m
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2. Vehicle Dynamics

2.1.1 Single-track kinematic model

The figure (2.3) represents a single-track kinematic model of an A-double combina-
tion vehicle.

—— TRACTOR
SEMI-TRAILER-1
DOLLY

SEMI-TRAILER-2

Y

Figure 2.3: Kinematic model of an A-double

Using the kinematic constraints of the vehicle, the positions of the units are defined
as follows.
The position of the front axle of the tractor is given by,

Xll = X12 + L1 COS(¢1) (21)
Y11 = Yio + Ly sin(¢1) (2.2)
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2. Vehicle Dynamics

The position of the coupling point pl is given by,
Xp1 = X9+ by COS(gbl)

Y1 = Yio + by sin(¢y)

The position of the rear axle of the semi-trailer-1 is given by,
Xo1 = Xp1 — Lo cos(¢2)

Yor = Y}al — Ly Sin(¢2)
The position of the coupling point p2 is given by,

Xp2 = Xo1 — by COS(¢2)

Y;ﬂ = Yo — by Sin(¢2)
The position of the rear axle of the dolly is given by,

X31 = Xp2 — Lz cos(¢3)

Y31 = Yo — Lasin(¢s)
The position of the coupling point p3 is given by,

ng = X3 + b3 COS(¢3)

Y3 = Y31 + b3 sin(¢s)

The position of the rear axle of the semi-trailer-2 is given by,
Xy = Xp3 — Ly cos(¢s)

Y = Y3 — Lysin(¢a)

(2.11)

(2.12)

(2.13)

(2.14)

Differentiating the position equations with respect to time gives us the velocity at

the points.
The velocity at the rear axle of the tractor is given by,

Xlg = U1 COS(¢1)

Yip = vy sin(¢y)

The velocity at the tractor front axle is given by,
Xn = X12 — Ly Siﬂ(¢1)€2‘51

Yii =Y+ Ly COS(¢1)¢1
The velocity at point pl is given by,

Xpl = X12 — by Sin<¢1)€b1

Y1 = Yig + by cos(¢1) ¢

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)
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2. Vehicle Dynamics

The velocity at the rear axle of semi-trailer-1 is given by,

Xgl = Xpl + L2 Sin(¢2)§l.52 (221)

Y21 = Yan — Ly COS(¢2)¢2 (2-22)
The velocity at point p2 is given by,

Xp2 = X21 + bQ sin(gzﬁQ)(bg (223)

Y;)Q = )‘/21 — b2 COS(gbg)d)z (224)
The velocity at the rear axle of the dolly is given by,

Xgl = Xp2 + L3 Sin(¢3)$3 (225)

}./31 = }'/pg — L3 COS(¢3)¢3 (226)
The velocity at point p3 is given by,

ng = Xgl — bg Sin(qbg)ég (227)

erg = YE’)l + b3 COS<¢3)¢3 (228)
The velocity at the rear axle of semi-trailer-2 is given by,

X41 = ng + L4 sin(¢4)¢4 (229)

Y';u = }'/;)3 — L4 COS(¢4)Q.54 (230)

The articulation angle is defined as the difference between the yaw angles of the two
consecutive units. The rate of change of articulation angles provide, articulation
angle rate. Articulation angle and the articulation angle rate can be given as follows

0; = 6i — P (2.31)

0; = i — disa (2.32)
Where i =1,2,3

In the lateral direction, the vehicle system satisfies non-holonomic constraints that
limit motion perpendicular to the wheel plane. Equation (2.33) represents this lim-
itation for a non-steered axle, ensuring that the lateral velocity component remains
zero because of the no-slip condition.

X -sin(¢) =Y - cos(¢) = 0 (2.33)

Each axle in the system is then given the general form. The non-holonomic re-
strictions implemented on the four axles are expressed by equations (2.34)—(2.37),
which account for the steering angles (§) and the respective yaw angles (¢) unique to
each axle. In order to prevent lateral slip, these expressions specify the relationship
between the velocities in the global X and Y directions.
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2. Vehicle Dynamics

Xiysin(py 4 611) — Yi1 cos(py + 611) = 0 (2.34)
Xy 8in(¢) — Yar cos(¢a) = 0 (2.35)
X sin(gs) — Yar cos(¢s) = 0 (2.36)
X1 sin(¢s + 0a1) — Yap cos(da + 641) = 0 (2.37)

Solving equations (2.34) - (2.37) gives the yaw rate for each unit. The articulation
angle rates between vehicle units can then be calculated by substituting the yaw
rate equation (2.32).

2.2 Vehicle Models Validation

The VTM [31], a high-fidelity vehicle model, is used to evaluate the equations pro-
duced from the kinematic single-track model in Section (2.1.1). A step steer maneu-
ver was simulated with different vehicle speed to verify the accuracy of the model.
This facilitates an appropriate comparison between the high-fidelity VI'M and the
kinematic single-track model.

2.2.1 Verification for Kinematic Model

Two simulations with different speeds were performed with the VIM model. The
first simulation setup is a step steer of 2.5° and a longitudinal velocity of tractor
is set to be 1 m/s and the second simulation setup is with a step steer of 2.5° and
a longitudinal velocity of tractor is set to be 15 m/s. and the articulation angle
rates obtained from the VITM were plotted as outputs. In order to compare with
the kinematic single-track model, the velocity and steering inputs which were passed
to the VI'M were provided as input to the kinematic single-track model, and the
output articulation angle rates were obtained.

Fig. (2.4a) shows the input velocity and the steering angle for a step steer with
the velocity of 1 m/s. The comparison of articulation angle rates between the high-
fidelity VITM data and the single-track kinematic model is shown in Fig. (2.4b). The
VTM data are displayed by the dotted line, whereas the solid line represents the
kinematic model. The similarity between the articulation angle rates determined
by the kinematic model and those generated by the VIM indicates a significant
amount of agreement between the two models. Since the maneuver is performed at
a low speed and the kinematic model uses the VTM input parameters directly, this
alignment is expected.
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Tractor Longitunal Velocity vs Time
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Figure 2.4: Inputs & outputs for a low speed forward maneuver

Fig. (2.5a) shows the input velocity and the steering angle for a step steer with the
velocity ramp from 0 to 9.2 m/s from time 0 to 20s. From Fig. (2.5b), it is evident
that the kinematic model and the high-fidelity VTM deviate significantly at higher
speeds as external forces and inertial effects become more noticeable. This shows
the extent to which the kinematic model captures dynamic effects, which become
more important as the vehicle speed increases.
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Figure 2.5: Inputs & outputs for a high speed forward maneuver
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2.3 Vehicle test with tractor steering

An A-double vehicle shown in Fig. (2.6) was driven with a driver in the loop. During
the test, the third axle of the tractor was lifted, as well as the first and third axles
of the semi-trailer-2 lifted.

SEMI-TRAILER-2 SEMI-TRAILER-1 TRACTOR

DOLLY

© O.0m0,0,0 © ©

[l ARTICULATION JOINT

Figure 2.6: Test vehicle configuration

Fig. (2.7) shows the test setup that was used to log the data from the truck. The
data from the Vehicle ECU’s were read with the help of Controller Area Network
(CAN) communication. In order to access the data from the vehicle ECU, CAN
breakout harness was made available in the truck. Vector module VN1630A was
used as an interface between the laptop and the vehicle to record measurement data
such as the steering angle, the vehicle speed, and the yaw-rate of the tractor unit.
The truck was then driven with several maneuvers such as forward straight line,
forward circular maneuver and reversing at a straight-line.

Vector CANalyzer

Vector CAN/LIN

Interface VN1630A

Figure 2.7: Test setup with an A-double truck
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2. Vehicle Dynamics

2.3.1 Open loop simulation with measured data from A-
double combination in Forward direction

The vehicle speed and steering angle were provided as input to the VI'M and then
the yaw-rate from the VI'M was recorded to compare with the vehicle test data and
the single-track kinematic model.

The tractor yaw-rate response and the velocity input to the model for a straight-line
maneuver are shown in Fig. (2.8) in the forward direction. It could be inferred that
the yaw-rate calculated using the single track kinematic model is between 9% and
33% lower than the measured data from the vehicle. It could be because factors
such as tire slip, vehicle loads, weight distribution etc. were not taken into account
when considering the kinematic single track model. The yaw-rate calculated from
the kinematic model converges to ‘0’ as the steering input attempts to, which is
consistent with the vehicle data.

Measured data from the vehicle vs Kinematic Single track model

Velocity vs Time

@351 \
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Figure 2.8: Single-track kinematic model validation with real vehicle test data -
forward maneuver
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2.3.2 Open loop simulation with measured data from A-
double combination in Reverse direction

The corresponding response of the yaw-rate is shown in Fig. (2.9) for a reverse
maneuver. [t can be seen that when the steering angle is closer to zero, the mea-
sured yaw-rate and the yaw-rate computed from the single track kinematic model
converge, but when the steering angle becomes larger, the computed yaw-rate is
30 % ~ 45 % lower than that of the measured data.

As seen in the figure, the driver reverses the vehicle until approximately 16.5 s.
Around 17 s, the driver resumes reversing until 31 s. After 31 s, the driver had
to move the vehicle in the forward direction to straighten the configuration. This
shows how difficult it is to reverse the A-double vehicle in a straight line.

Measured data from the vehicle vs Kinematic Single track model
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Figure 2.9: Single-track kinematic model validation with real vehicle test data -
reverse maneuver
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3

Method

This chapter presents the function overview and the controller approach applied
for this function to A-double combination vehicle. The mathematical equations
derived from the kinematic single-track model in Section (2) form the basis for
designing the feedback controller. These equations enable the calculation of control
gain parameters essential for maintaining stability and trajectory tracking during
reverse maneuvers.

Using this kinematic model presented, a control logic is developed which improves
the maneuverability and stability of the A-double combination when reversing. The
state space formulation ensures the precise regulation of vehicle articulation angles
and trailer alignment, facilitating the accurate desired path set by the driver.

3.1 Function overview

The overview of the function is presented in Fig. (3.1). The driver is equipped with a
control knob to specify the desired turning trajectory of the vehicle, either to the left
or to the right. This control allows the driver to define the desired turning radius.
Upon specification of the radius using the knob, the corresponding desired articu-
lation and steering angles are calculated using a steady state kinematic single-track
model. These computed values are subsequently provided as input to the feedback
controller.

I Knob

Driver

Radius of the By
desired path Feedforward i

p Feedback Controller [ Vehicle
for Semi- controller

trailer-2

Figure 3.1: Function overview
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3. Method

The feedback controller processes the input and generates the required steering an-
gles 611 and d471, which are then transmitted to the VI'M for execution.

As the driver adjusts the control knob, the predicted trajectory of the vehicle is
displayed on the HMI display. Furthermore, if the selected turning radius is not
feasible for a A-double combination, a warning will be displayed to the driver on
the display and a prompt will be displayed to the driver to reset the control knob
to a more feasible value. Any radius value below 10 m is not feasible for this.

3.2 Controller methods

A feedback controller similar to the controller proposed by Rimmer et al. [15] has
been used, but instead of steering only the tractor, the method proposed in this
work will control two inputs to the steering. One is on the front of the tractor and
the other is on the last axle of the Semi-Trailer-2. This dual-steering strategy is
expected to provide improved vehicle maneuverability and stability.

This method focuses on the use of two steering angles: 1, for the front axle of the
tractor, and d4; for the steering of the last axle of the Semi-Trailer-2. The layout of
the control system is illustrated in Fig. (3.2).

V1

61 1,desired

Feedforward Gl,desiredv Bz,desired

desired path for controller 03 desirea
Semi-trailer-2 I

Feedback controller Vehilce / VTM model

641,desired

| wwl 19 LR |

| @ 2 JEETEY
Figure 3.2: Layout of the Controller

The system employs a two-loop structure: an inner loop and an outer loop. The
inner loop, as depicted in the figure, primarily addresses the articulation angle de-
viation and computes the corresponding error. The outer feedback loop is handled
by the driver, who is responsible for path planning by setting the desired radius in
which the vehicle will have to reverse with the help of the knob.

In the inner loop, the desired radius set by the driver is passed to a function block
that contains derived equations based on steady-state kinematic constraints as de-
scribed in Subsection (3.2.1). Using which the desired articulation angles 6 gesired,
02 desired U3 desired and the desired steering angles 011 gesired, 041 desired are obtained en-
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suring the end of the Semi-Trailer-2 is following the path.

3.2.1 Feedforward controller

In the Feedforward controller, the articulation angles and the steering angles required
to follow the set path are calculated. A steady-state kinematic model is shown in
Fig. (3.3). A virtual non-steered axle, represented by a dotted rectangle, is taken
into consideration presuming that the driver is interested in positioning the end of
the last semi-trailer on the path.

———TRACTOR O11 desireg
— — SEMI-TRAILER-1 TT\
DOLLY ‘
SEMI-TRAILER-2

Figure 3.3: Kinematic model for A-double with steerable last trailer

The turning radius of the semi-trailer 2 rear axle is given by,

Ry = £ Rparn (3.1)
Note: R,y is considered positive for the left turn and negative for the right turn.
The desired steering angle for the Semi-Trailer-2 is calculated by considering a vir-

tual wheel ahead of the last semi-trailer which satisfies the kinematic constraint.
Here L, is the length of the virtual wheelbase of the last semi-trailer. The steering
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angle is given by,

Lvsa
541,desired = - Sin_l (R41> (32)

The semi-trailer 2 is connected to the dolly through the articulation point ps3 as
shown in figure (3.4). Angles A and B are given as follows,

Ly :
- +sin 5 esire
A =tan! (R‘“ Vana d)) (3.3)

COS(541 ,desired)

B =90° + 541,desired —A (34)

¢

P3

‘ L4

Figure 3.4: Semi-Trailer-2

The turning radius of the point p3 is given by,

Rpg = L4 : SlIl(A) + R41 : SIH(B) (35)
The turning radius of the dolly rear axle is given by,
R31 - RZQJ?) - b% (36)
Slip angle of the dolly is given by,
B — tan—! [ 22 (3.7)
v Ra: ‘

The desired articulation angle is given by,

Ly

-1
03,desired = tan (
41

> — Bpg + 041 desired (3.8)

The dolly is connected to the semi-trailer 1 via articulation point ps.
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The turning radius of the point p2 is given by,

Ryy =y RE + L3

The turning radius of the rear axle of the semi-trailer 1 is given by,

Roy = \/R%, — 13

The slip angle of the semi-trailer 1 is given by,

by
—tan [ —
Bz = tan <R21>

The desired articulation angle is given by,

L
92 desired — tan_l (3> + 6}72
’ R3

The semi-trailer 1 is connected to the tractor via articulation point p;.

The turning radius of the point pl is given by,

Rpl =V R%l + L%

The turning radius of the rear axle of the tractor is given by,

Ry = \/R?ﬂ — b7

The slip angle of the tractor is given by,

The desired articulation is given by,

L
1 2
el,desired = tan <}%21) - Bpl

The desired steering angle at the front axle of the tractor is given by,

1 Ly
611,desi7"ed = tan ! (R12>

3.2.2 Feedback Controller

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

The kinematic model of an A-double combination vehicle describes the motion of the
system in terms of its articulated angles. The articulation angle rates are obtained

from the equations (2.32), which form the function equations.

f1:>91=¢1—¢52
f2:>92:¢2—¢3
f3=>93:¢3—¢4

(3.18)
(3.19)
(3.20)

27



3. Method

3.2.2.1 Linearization

In order to obtain a linear model, the vehicle has been linearized along a straight
line. Hence, we apply the small-angle approximation as shown in Eq. (3.21) to the
non-linear kinematic equations Eq. (3.18),(3.19) and (3.20).

sinf ~ 0, cosO~1 tanf~§60, arctanf ~0 (3.21)

The general form of the nonlinear system is given by:

= f(z,u) (3.22)

where:
o x = [01,0,,05]7 is the state vector.
o u=[011,05] is the input vector.

The simplified system is then used to perform Jacobian linearization. The Jacobian
linearization involves computing the partial derivatives of f(x,u) with respect to
X and wu at the equilibrium point:

of
A= Iz (3.23)
(wo,u0)
of
B=— .24
ou (0.210) (3.24)

Since the vehicle will be linearized along a straight line, the equilibrium point is at
zo = [0,0,0]7 and uy = [0,0]”, where i = 0.

Performing the differentiation yields the following system matrices.

A_ |0 o8B on
801 00, 065 TOUo

of Of
a0, 9o
B= |22 9
T 961 Qo2
9fs
061 062

(3.25)

(3.26)

zo,uo

These matrices define the linearized state-space model:

&= Ax + Bu (3.27)

Up on performing the Jacobian linearization the following A and B matrix are
obtained.

V1
o 0 0
A — v1(L1ba+L1L3) v 0
- LiL2L3 L3
_ vi(L1Laba—L1bobs) vi(L1LoLa—L1Labs) vy
LiLoLgly LiLoLgly Ly
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v1(La—b1) 0

(Lot 1)

— 1(L301+01b2)
B = LiLaLs 0
_ v1(Lab1ba—b1b2b3) vy
LiLoL3ly Ly

3.2.2.2 Controller gain computation using LQR

The Linear Quadratic Regulator (LQR) is used to design an optimal state feedback
controller that minimizes the following cost function:

J= /0 (27 Qu + 2" Ra) dt

where:
e () is a positive semi-definite matrix that penalizes deviations in the state vec-
tor,
e R is a positive definite matrix that penalizes the control input.
For the system described in Eq. (3.27), we define the following matrices for the LQR
design:

Qi 0 0
Qe=10 Q@ 0
0 0 @33

Where @11, Q22 & Q33 are the weights for the state vector.

. Ry 0
Figr = [ 0 322]

Where Ry & Ry are the weights for the input vector.

The weights of the state vector and the input vectors are tuned for different vehicle
test setups

Optimal state feedback gain matrix K is computed based on the system’s dynamics
and the desired weighting in (), and Ry,. The 1qr function in MATLAB was used,
which solves the continuous-time algebraic Riccati equation (CARE) and computes
the optimal gain:

[K7 ™~ N] - lqr(sysa qury qur)

where sys represents the linearized state-space system X = Az + Bu, and K is the
resulting gain matrix.
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3.3 Human-Machine Interface for Reversing As-
sistance

The Human-Machine Interface (HMI) is developed as a critical component for en-
hancing driver awareness and support during complex reversing maneuvers of an
A-double combination vehicle. The HMI provides a real-time visual representation
of the articulated vehicle’s state, trajectory prediction, and error feedback. This
system is particularly tailored to support low-speed reverse driving scenarios, where
articulation angles and trailer tracking dynamics are non-trivial and require precise
control and visual feedback.

3.3.1 System Architecture Overview

The architecture of the HMI system integrates three primary components:

« Simulink-based Vehicle Dynamics and Control Model (Vehicle Trans-
port Model with Controller)

e C++ Interface Layer for Real-Time Execution
e Visualization and Interaction Layer using Unreal Engine 5

The interconnection between these subsystems ensures tight coupling between the
physics-based simulation and the visualization environment.

3.3.2 Vehicle Dynamics Model and Controller Integration

The foundation of the reversing logic lies in the model VT'M developed in Simulink.
This model consists of two main components: the plant model (the VTM) and the
controller. This model simulates the kinematics and dynamics of a multi-body ar-
ticulated vehicle (A-double combination), including joint articulation, trailer yaw
angles,roll, pitch and speed dynamics.

The control system implements a trajectory-following algorithm that computes steer-
ing commands based on a desired trajectory path, provided via driver input using
a knob. To interface the Simulink model with Unreal Engine, the complete model
and controller are compiled into a shared dynamic library (.dll file) using Simulink
Coder. This process also produces a .1lib file, which includes the controller and
exposes various inputs (e.g., velocity request and curvature) and outputs (e.g., pose,
articulation angles, and predicted trajectory).

This compiled module is linked within the Unreal Engine framework for real-time
co-simulation.
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3.3.3 Unreal Engine-Based Visualization

The graphical representation of the A-double vehicle combination is constructed
using Unreal Engine 5, leveraging its real-time rendering and physics animation ca-
pabilities.

Vehicle Model Representation

A detailed 3D model of the A-double combination is imported as a skeletal mesh in
Unreal Engine. The model is animated based on real-time state data from the VTM
simulation. VTMMovementComponent is the one stepping the simulation and copying
outputs to the mesh transform.

Blueprint Integration

UES5’s Blueprint system Fig. (3.5) facilitates user interaction and state synchroniza-
tion. The driver’s input (control knob) is captured via a user interface and passed
to the simulation layer. Updated vehicle states are rendered each frame, enabling
real-time visual consistency with the underlying physical model.

Figure 3.5: Representation of Blueprint layout

3.3.4 Trajectory Prediction and Visualization

A key feature of the Human-Machine Interface (HMI) display is the visualization of
the vehicle’s trajectory, which is set by the user during reversing maneuvers. The
driver defines this trajectory starting from the midpoint of the rear axle of Semi-
trailer-2. The HMI display provides the user with relevant information, including
speed, turning radius (as set using the control knob), the articulation angle between
the dolly and Semi-trailer-2, and the actual path taken by Semi-trailer-2.
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Utilizing the current articulation states and steering input, the controller computes
a curvilinear path. This path is rendered in Unreal Engine using spline components
to depict the trajectory arc. The trajectory is updated continuously to reflect real-
time changes in driver input and vehicle dynamics.

The HMI visualization for a straight-line trajectory is presented in Fig. (3.6), while
the visualization corresponding to a curved path is shown in Fig. (3.7).

Figure 3.6: Visual representation of vehicle combination to the user from the HMI
display while straight line reverse

Figure 3.7: Visual representation of vehicle combination to the user from the HMI
display while making a circular reverse

In Fig. (3.6) and (3.7), the top-left section of the screen displays key driving in-
formation for the user. The red line, which originates at the midpoint of the rear
axle of Semi-trailer-2, represents the intended trajectory as set by the user using the
control knob. The cyan-colored line indicates the path traced by the semi-trailer-2
unit based on the control knob input provided by the driver.

3.3.5 Real-Time User Information and Safety Warnings

To ensure safe maneuvering of the vehicle combination, the Human-Machine Inter-
face (HMI) display provides the following real-time information:
o Articulation Angle Information: Displays the real-time articulation angle
between the dolly and the second semi-trailer (Semi-Trailer 2).
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o Radius Input: Shows the real-time turning radius as set by the user via the
control knob.

e Velocity: Indicates the real-time longitudinal velocity of the vehicle in meters
per second (m/s).

o Warning Notification: If the real-time articulation angle between the dolly
and Semi-Trailer 2 satisfies the warning condition (see Condition 3.3.5), a
warning message is displayed. The message instructs the driver to stop the ve-
hicle and proceed forward to realign the vehicle combination. Simultaneously,
the articulation angle display is replaced with the warning text: "Warning!
Stop and move forward."

Condition for Warning notification: When the articulation angle between
the dolly and the Semi-trailer-2 reaches greater than or equal to 25 deg [17].

In the Fig. (3.8), here is the example of how the real-time information is displayed.
the serial number 1 indicates the articulation angle, next is the Radius input, and
the last is the vehicle velocity.

Figure 3.8: Information provided on display for user

In Fig. (3.9), an example of how the warning notification is displayed is shown.
As observed, the real-time articulation angle information is replaced by a warning
notification when the specified condition (3.3.5) is met.
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Figure 3.9: Warning notification displayed

Once this warning appears, the driver must take the necessary action, which is to
stop the vehicle and then drive forward to straighten the vehicle combination.

This HMI system effectively integrates a Simulink-based vehicle and controller model
with high-fidelity visualization in Unreal Engine. Its modular design and robust real-
time user information and safety warnings provide intuitive support for drivers dur-
ing reverse maneuvers involving complex combinations of articulated vehicles. The
architecture also supports extensibility for broader ADAS applications and training
simulators.

3.4 Performance Metrics

This section defines the performance-based characteristics of the long combination
vehicles, which are used later to validate the results.

o Off-tracking (or) tractor swing: Off-tracking or tractor swing refers to the
phenomenon in which the path of the trailer’s rear wheels diverges from the
path of the tractor’s front wheels at steady state. This deviation occurs as
the vehicle units are articulated during turning. Off-tracking is further exac-
erbated when reversing, as the articulation of the tractor-trailer unit becomes
more pronounced, making it increasingly difficult to maintain alignment be-
tween both units. The unit is meters.
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Off-tacking

Figure 3.10: Off-tracking for A-double combination

« Total Steering Correction (TSC): refers to the cumulative sum of all steer-
ing adjustments made to maintain a desired path. The unit is Radians

Given the steering angle at each time step ; and the total number of time
steps IV:

N N
i=1 i=1

— Ad;: Steering correction at time step ¢

— Absolute value ensures all corrections (left or right) contribute positively

— Higher TSC = More frequent or larger corrections (Indicates instability
or poor path tracking)

— Lower TSC = Smoother steering (Suggests good control and stability)

There are three TSC that have been used to compare the steering configuration
that has been proposed in this thesis.
— T'SC, = Total steering correction made by tractor steering.
— T'SCy; = Total steering correction made by the steering of the semi-
trailer-2.
— TSCiotas = Total steering correction made when using both steering in-
puts are used.

TSCiotar = TSCYL +TSCy

e Quickness: It denotes the response of a vehicle in completing a specified
maneuver in the shortest possible time, without compromising stability or in-
ducing jackknifing. It is expressed in seconds.
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» Transient Swept Width (TSW): The transient swept width represents the
peak-to-peak deviation of the tractor’s trajectory alone during a transient ma-
neuver, which occurs when changing from one steady state to another (such
as a sharp turn or lane change) as shown in Fig. (3.11). It is expressed in
meters.

Reference path 7 N

TSW

P g—

Figure 3.11: Transient Swept Width of the tractor

3.5 Test cases

The test case defined in this subsection will be used to validate the truck with trac-
tor steered vehicle with & without semi-trailer-2 steered in different maneuvers and
different load cases which is summarized in the Table (3.1).

Trajectory Reference:

The radius input used in the test case to execute the desired maneuver is time-
based and manually tuned for each specific scenario. The custom-developed func-
tion get_radius_ref (t) generates a reference radius profile over time, assigning
distinct values—such as infinity for straight segments and a constant finite radius
for turning segments—according to defined time intervals.

Maneuver:
The following three maneuvers were considered to test and compare the different
models and steering configurations that we have.
1. Circle Maneuver: The vehicle starts from a standstill position with zero
articulation angles and follows a circular path with a radius of 30 m.

2. Straight line Maneuver: The A-double combination begins from a steady-
state curve with constant articulation angles and then follows a straight line
which has a length of 200 m.

3. Combined Maneuver: The test case depicted in Fig. (3.12) consists of a

combination of four 100 m long straight segments, a circular section with a 50
m radius, and two 90° turns with a radius of 12.5 m.
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End point

® 4
1
\

100m

100 m

& Start point

100 m
100 m

Figure 3.12: Combined Maneuver

Steering configuration:
There are two configurations of steering that will be tested.
1. Tractor front axle steered

2. Tractor front axle steered and the last axle of the Semi-Trailer-2 steered

Type of axle configuration:
There are two types of vehicles that are set up in VI'M that will be used for testing.
1. Vehicles with grouped non-steerable axles. as depicted in Fig. (2.2) which is
referred as Lumped model.

2. Vehicles without grouped non-steerable axles. as depicted in Fig.(2.1) which
is referred as All axle model.

Load case:
In order to study the effect of laden and unladen mass, in some of the simulation
test cases, the Semi-trailer-1 was unloaded.

1. Laden mass: For the lumped model case, the axle load on semi-trailer 1 is
6.4 tons. In the all axle model, each of the three axles on semi-trailer 1 are
equally loaded with 6.6 tons.

2. Unladen mass: This case was tested only with the model in which all axles

were considered. Each of the three axles on semi-trailer 1 is equally loaded
with 1.7 tons, totaling 5.1 tons.
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Summary of the Test cases:

Test case Maneuver Steering Type of axle configuration Load case
Circle | Straight | Combined | Tractor | Semi-Trailer-2 | Lumped All-Axle Laden | Unladen

1 v v v v
2 v v v v v
3 v v v v
4 v v v v v
5 v v v v
6 v v v v v
7 v v v v
8 v v v v v
9 v v v v
1 v v v v v
11 v v v v
12 v v v v v
13 v v v v
14 v v v v v

Table 3.1: Test cases for comparing Performance metrices

3.6 Normalization Technique

The Min-Max normalization technique will be applied to compare the data from the
maneuver with different steering configuration.

Min-Max Normalization:
It is an easy approach to compare the data set with the expectation that the original
relationship of the data would be retained. In the Min-Max Normalization process,
the rescaling usually occurs in the range of [0,1] or [-1,1]. [0,1] will be followed, where
0 represents the lowest value in the data set and 1 represents the highest value in
the data set. The expression for normalization is as follows:

o = _# T Zmin (3.28)

Zmax ~ “min

where 2’ is the normalized value, z is the original value, and 2y, and 2., are the
minimum and maximum characteristic values of the data set.
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Results

The controller developed in Section (3) is implemented using the VTM as the plant
model. The VTM model was modified to represent both the lumped-axle model and
a configuration where all axles are considered individually. This setup constitutes
a closed-loop system simulation in which the system’s response is continuously ad-
justed to achieve the desired output. The simulation captures the behavior of the
system for different test case scenarios.

4.1 Results for the Test Cases

The plant model was simulated with a velocity of 1 m/s in the reverse direction.
Four distinct gains in the controller were used based on the type of steering and the
type of model.

In the results shown below, the images on the left column depict the test cases in
which only the tractor is steered. The images on the right column show the test
cases where both the tractor and semi-trailer-2 are steered.

The trajectories presented in the results are measured from the midpoint of the front
axle of the tractor. For semi-trailer-2, the measurement is taken from the midpoint
of the steerable axle.

4.1.1 Circle maneuver

Test case 1 & 2:

In test case 1 & 2, the truck was simulated with the lumped model in a circle maneu-
ver of radius 30 m. It is evident from the steering input in Fig. (4.1a) that when the
tractor is steered alone, the input generated by the controller remains in the tran-
sient phase for approx. 75 seconds before the system reaches a steady state. The
peak-to-peak swing of the steering input is about 24°. As a result, the articulation
angles, primarily at the articulation angles 1 and 2, exhibit a behavior that is similar
to that of the steering input, which can be seen in Fig. (4.1b). However, the input to
the model is smoother when both the tractor and the semi-trailer-2 steering inputs
are used, with the peak-to-peak value of the tractor steering input is around4.2°
(which is 82.5% lower than that of the test case 1) and for the semi-trailer-2, it is
around 13.4°. It approaches steady state around 45 seconds when both steering are
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used, resulting in a smoother transition at the articulation angle.

The path followed by the tractor and the semi-trailer-2 and TSW for both test cases
are shown in Fig. (4.1c) & (4.1d). In this, it is evident that the tractor has peak-
to-peak swept width of 3 when only the tractor steering is used, but when both the
steering inputs are used peak-to-peak swept width was reduced to 1.39 m which is
nearly 58.6% reduction.

Test case 3 & 4:

In the test case 3 & 4, all axle was simulated in a circle maneuver of radius 30 m.
From the input responses shown in Fig. (4.2a) it can be seen that, in both the test
case 3 & 4, the tractor steering is oscillatory until it reaches the steady state. But
the peak-to-peak steering angle is 34° when the steering input is only provided by
the tractor, whereas when both the steering inputs are provided, the peak-to-peak
steering angle is 27°, which is 20.6% lesser when compared with the tractor only
steered case. The response to the articulation angles exhibits a similar response to
that of the steering input as seen in Fig. (4.2b) and the controller output eventually
approaches the steady state.

In both test cases, the tractor steering reaches steady state in about 150 seconds.
It could be because all the axles are included, due to which the system dynamics
increases. The semi-trailer-2 has a maximum peak-to-peak steering angle of 22° and
reaches steady state at around 140 seconds.

The path followed by the tractor and the semi-trailer-2 and TSW for both test cases
are shown in Fig. (4.2c) & (4.2d) respectively. The tractor swing is higher in all
axle model when compared to the lumped model. The path of the tractor has a
swept width of 4.41 m when only the tractor steering is used, but when both steer-
ing inputs are used, the swept width was reduced to 3.96 m as shown in Fig. (4.2d),
which is only 10% reduction. Using all axle model, the swept width increases by
48% compared to the lumped model, which is expected.

Test case 5 & 6:

In test case 5 & 6, all axle with unladen mass on the semi-trailer-1 were simulated
in a circle maneuver of radius 30 m. Fig. (4.3a) shows the steering generated by
the controller. Similar to the test case 3 & 4, the steering inputs are oscillatory
but the steady state is reached even faster with the same controller gain at around
110 seconds with the peak-to-peak steering angle of 27° when only tractor is steered
and approximately around 75 seconds with the peak-to-peak steering angle of 15°
when both steering inputs are provided. The steering of the semi-trailer-2 is reaches
steady state around 75 seconds with the peak-to-peak steering of 14°. The articu-
lation angles, which can be seen in Fig. (4.3b), seem to follow the input steering
response similar to the laden case.

Fig. (4.3c) shows the path of the tractor and the semi-trailer-2 and Fig. (4.3d),
shows the TSW plot. When steering on the tractor alone used, the TSW is 11.5%
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lower than that of the laden case. For the tractor with semi-trailer-2 case, the TSW
is 39.8% lower than the laden case.
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Table (4.1) shows Min-Max normalized performance metrics for a A-double revers-
ing in a circle of 30m radius which is based on the Table (A.1) and the following
can be deduced,

1. Off-Tracking: Off-tracking was lower when using both steering input. Among
all the test cases, the test cases with all axle model seem to exhibit highest
off-tracking when compared with the lumped axle model.

2. TSC: From the table it can be seen that, TSC is higher when both steering
inputs were used. Similar to the off-tracking, the TSC in all axle model is
higher than the lumped model.

3. Quickness: The vehicle completes its maneuver faster when using both steer-
ing inputs were used. All axle model with laden mass in the semi-trailer-1 is
3% ~ 7% quicker than the model with unladen semi-trailer-1.

4. TSW: TSW is lesser when both the steering inputs were used. From the data,
it can be seen that the TSW is lesser when lumped model is used. In the all
axle models TSW is lesser when using the model with unalden semi-trailer-1.

In all the performance metrices mentioned above the lumped model outperforms the
all-axle model.

ggzz Off tracking TSC Quickness TSW
TSCy, TSCy TSCia
1 0.76 0.51  0.00 0.34 0.56 0.65
2 0.00 0.00  0.19 0.00 0.00 0.00
3 0.81 0.67  0.00 0.47 0.76 1.00
4 0.55 1.00  1.00 1.00 0.54 0.85
5 1.00 0.56  0.00 0.38 1.00 0.83
6 0.47 0.60  0.59 0.58 0.58 0.33

Table 4.1: Min-max normalized performance metrics for a circular path of radius
30 m

4.1.2 Straight line maneuver:

Test case 7 & 8:

In the test case 7 & 8, lumped was simulated in a 200m straight line maneuver. From
the input responses shown in Fig. (4.4a) shows the steering input, where it can be
observed that when only the tractor steering is used, the input is oscillatory with a
peak-to-peak steering of 20° and the input settles around 90 seconds from the start
of the transition to the straight line maneuver. Whereas when both steering inputs
are used, the tractor steering input is smooth and reaches steady state at around 70
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seconds from the start of the transition to the straight line maneuver. The steering
input of the semi-trailer-2 approached steady state around 60 seconds from the start
of the transition to the straight line maneuver. Similarly to the circular maneuver,
the articulation angles follow the steering input, which can be seen in Fig. (4.4D).

Fig. (4.4c) shows the path made by the tractor and the semi-trailer-2. It can be
seen that when two steering inputs are used, both tractor and semi-trailer-2 path
is tracked without much of the off-tracking when compared with the tractor only
steered case during the transition phase.

Test case 9 & 10:

In the test case 9 & 10, all axle was simulated in a 200m straight line maneuver.
From the fig. (4.5a), it is evident that when all axle model is used, the input takes
longer to reach steady state. The model with tractor only steered does not reach
steady state with the 200m straight and has a peak-to-peak steering of 33°. The
simulation might have to run for a longer period to see where the input settles.
When both steering inputs were used, the input reaches steady state before the
maneuver is complete. The peak-to-peak pattern observed is 19° for tractor steer-
ing, 9° for semi-trailer-2 steering, and both steering inputs converge in steady state
at around 100 seconds. Similar behavior can be seen predominantly with articula-
tion angles in Fig. (4.5b). With the test case 9, the articulation angle 1 exhibits
a similar behavior as the steering input, whereas articulation angle 2 & 3 reaches
steady state faster than the articulation angle 1. Whereas in test case 10, the ar-
ticulation angle overshoots initially but then reaches steady state as time progresses.

As seen in Fig. (4.5c), tractor swing is observed in both test cases due to the
overshoot in the steering input, the tractor then converges with the path when the
steering input tries to converge to its steady state; nevertheless, when both steering
inputs are used, it is decreased. In contrast to the lumped model, the tractor swing
is apparent when utilizing the all axle model. This could be due to the inclusion of
inter-axle impacts.

Test case 11 & 12:

All axle models with unladen mass on the semi-trailer-1 were simulated in a 200-
meter straight line maneuver in test cases 11 and 12. As illustrated in Fig. (4.6a),
the steering input converges to steady state before to the maneuver being completed,
in contrast to the laden case with only a tractor steered. The controller generates
a peak-to-peak steering input of 21°, which is ~ 30% less than that of test case 9.
When both steering inputs are applied, the peak-to-peak of the semi-trailer-2 is 9°,
which is equivalent to the peak-to-peak observed in test case 10, and the tractor
steering’s is 14°, which is 26% less than the test case 10. Unlike test case 9, the
articulation angle for test case 11 reaches steady state, which can be seen in Fig.
(4.6b) steering converges to steady state.

When comparing the path shown in Fig. (4.6¢) of the tractor and semi-trailer-2 to
test cases 9 and 10, it is evident that the tractor swing is significantly less in both
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of these test cases.
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Performance metrics:

Table (4.2) shows Min-Max normalized performance metrics for a A-double reversing
in a straight line of length 200m based on Table (A.3) and the following can be

deduced.
1. Off-Tracking: Off-tracking is lower in both the lumped models. In the all
axle model, the off-tracking is minimal when having both the steering inputs.

2. TSC: Lumped model with two steerable inputs outperforms when compared
with all the other test cases. In the all axle cases, the steering corrections are
more when using two steering inputs similar to the circular maneuver.

Test Off tracking TSC
Case Steady state  Steady state
. . : . TSC, TSCy, TSCiota
in curve in straight line
7 0.00 0.00 0.71  0.00 0.49
8 0.27 0.00 0.00 0.21 0.00
9 0.73 1.00 1.00  0.00 0.72
10 0.87 0.001 0.97  0.63 0.98
11 0.91 0.029 0.69  0.00 0.47
12 1.00 0.001 0.79 1.00 1.00

Table 4.2: Min-max normalized performance metrics for a straight line maneuver
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4.1.3 Combined maneuver:

All axle models with loaded semi-trailer-1 were simulated in a combined test sce-
nario for test cases 13 and 14. It is evident from the steering input in Fig. (4.7a)
that the input generated by the tractor’s controller has a lower peak-to-peak when
two steering inputs are used as compared to when only tractor steering is being
used. But the peak-to-peak on the steering of the semi-trailer-2 is significantly
higher when maneuver changes. In the case where two steering inputs are used, the
controller reaches steady state faster. It can be observed from the steering plots that
the desired steering angle for tractor and semi-trailer-2 are in opposite directions
when negotiating curves. This is beneficial, especially when negotiating tight curves.

As seen in (4.7b), the articulation angles respond more smoothly when two steering
inputs are applied. Compared to the test case where only tractor steering is uti-
lized, the articulation angles attain a stable state more quickly. When only tractor
steering was used, peak-to-peak articulation angles increased when the maneuver
changed from straight line to the 90° curve. In both test case 13 & 14 articulation
angle 2 & 3 have lower peak-to-peak value when compared to the arituclation angle
1, this could be due the delay between the units.

It is evident from the Fig. (4.7c) that the controller helps the truck to effectively
maintain the path in both test case 13 & 14. When using two steering inputs, the
tractor swing is significantly less when the maneuver changes.

Fig. (4.7d), shows the TSW when the maneuver changes from straight line reverse

to the radius of 50 m. The TSW is 2.79 m when tractor is steered whereas it is
1.43 m when two steering inputs are used which is ~ 47% less.
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Performance metrics:

Table (4.3) presents Min-Max normalized performance metrics for a A-double re-
versing in a combined maneuver based on Table (A.5)
1. TSC: Number of steering corrections made is lesser when having only tractor
steered.

2. Quickness: Similar to the circle maneuver, the vehicle is faster when using
two steerable inputs.

3. TSW: TSW is lesser when using two steerable inputs which is similar to the
circle maneuver.

TSC

Test Case Quickness TSW
TSCy, TSCy TSCipa
13 0.00  0.00 0.00 1.00 1.00
14 1.00  1.00 1.00 0.00 0.00

Table 4.3: Min-max normalized performance metrics for a combined maneuver

57



4. Results

58



O

Conclusion and Future Work

In this section, the goals presented in Section (1.3) are addressed and possible factors
that could be included in future work are discussed.

5.1 Conclusion

The main objectives of this thesis were to investigate the benefits of employing two
steerable axles and to design an effective controller to reverse an A-double combi-
nation at low speeds, which was achieved.

From the investigation carried out, it was understood that the reverse assist func-
tionality of the trailer is used in passenger car segments, but not in trucking industry.
However, trailer manufacturers have started looking into displaying the position of
the vehicles on the display to reduce the risk of collision.

A real vehicle test was carried out with a driver with the intent to achieve this goal.
The driver had to drive back and forth to reverse the A-double combination, because
it was difficult to reverse for ten meters straight, according to the test data.

Both the tractor and the last axle of the semi-trailer-2 steered were taken into ac-
count when developing a proportional controller. Fourteen different test cases with
three different maneuvers were simulated, and performance metrics were compared
to see if adding the semi-trailer-2 would be beneficial. Overall, having steerable
axles on the semi-trailer-2 with the tractor steering is beneficial as the off-tracking
is lower, the truck takes the maneuver faster and the tractor swing is comparatively
lesser than the single steering cases. Having only a tractor steered is beneficial in
terms of total steering correction, which is lesser when compared to the cases having
two steerable inputs, because when using two steering inputs, the controller tries to
generate a steering angle to have lower off-tracking and lesser TSW, which helps in
negotiating tight curves.

For the laden and unladen test cases, the combination that had unladen semi-trailer-
1 performed better in both straight and circle maneuvers.

To achieve the HMI, a control knob and a display were set up in the simulation

environment using Matlab Simulink based VI'M model and Unreal engine, which
worked as the intended design idea, with a realistic and user-friendly.
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5.2 Future work

To potentially expand the research, the following could be considered.

1.

10.

60

The following can be included with the help of the force-based modeling ap-
proach.

(a) Tire effects, including scrubbing, tire forces, and tire slip, etc. which
helps in estimating the steering effort.

(b) Predicting vehicle instability could be influenced by factors such as cor-
nering stiffness, load transfers, inertia, and vehicle mass.

(c) It is possible to study the behavior of low-grip surfaces and model the
friction between the tire and the road.

. Making proportional gains parametric is essential. As a result, it may not be

necessary to adjust the gains when the vehicle combination or its specifications
change.

. A more sophisticated controller, such as an MPC, fuzzy logic controller, sliding-

mode controller, etc., might be used.

. Advanced control strategies can be developed by incorporating machine learn-

ing techniques such as reinforcement learning or neural network-based model-
ing.

Simulation was the basis in this research. Real-vehicle implementation of the
controller suggested in this work is possible.

. An appropriate steering rate limiter will have to be considered on the basis of

the actuator dynamics.

A camera feed shall be used to show the environment to the driver.

. In the HMI display, only the desired path is projected, but the actual path is

not, the estimating the same would be beneficial, as it can be displayed to the
driver.

. A clinic with numerous test pilots could be done with the desktop simulation.

Different curves can be tested in the HMI display.

Investigate the effect of having steering on other axles on the trailers, such as
the dolly.
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Appendix 1

A.1 Performance metrics

A.1.1 Circular Maneuver

Test Off tracking TSC (rad) Quickness TSW
Case (m) TSC, TSC, TSCpm & (m)
1 2.39 3.39  0.00 3.39 229.07 3.36
2 1.09 0.61 0.37 0.98 205.91 1.39
3 247 4.28  0.00 4.28 237.27 4.41
4 2.04 6.09 1.91 7.99 228.18 3.96
5 2.81 3.65  0.00 3.65 247.30 3.90
6 1.90 3.91 1.13 5.04 229.90 2.38

Table A.1: Performance metrics for a circular path of radius 30 m

Test off TSCiptar Quickness TSW Total

Case tracking Score
1 4 2 3 3 12
2 1 1 1 1 4
3 5 4 5 6 20
4 3 6 2 5 16
5 6 3 6 4 19
6 2 5 4 2 13

Table A.2: Ranking the performance metrics for a circular path of radius 30 m
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A.1.2 Straight Maneuver

Test Off tracking (m) TSC (rad)

Case Steady state

Steady state in straight line TSC, TSCy; TSCia

in curve

(X 107?)
7 2.35 2.55 365 000 3.5
8 2.48 3.72 052 050 1.03
9 2.72 3531.10 494 0.00 494
10 279 6.75 480 153 6.33
11 2.80 103.12 357 000 357
12 285 5.12 400 243 644

Table A.3: Performance metrics for a straight line maneuver

Test Off tracking TSC Total
Case in straight line tetal Score
7 1 3 4
8 2 1 3
9 6 4 10
10 4 5 9
11 5) 2 7
12 3 6 9

Table A.4: Ranking the performance metrics for a straight line

A.1.3 Combined Maneuver

Test TSC (rad) Quickness TSW
Case pgcy 1SC, TSCiyw ) (m)
13 35.69  0.00 35.69 810.40 2.79

14 3728 1140  48.68 808.27 1.43

Table A.5: Performance metrics for a combined maneuver

Test Total TSC Quickness TSW Total

case Score
13 1 2 2 5
14 2 1 1 4

Table A.6: Ranking the performance metrics for a combined maneuver

IT



A. Appendix 1

A.2 Plots for the performance metrics

A.2.1 Circle Maneuver
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A.2.2 Straight Maneuver
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A.2.3 Combined Maneuver
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