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ABSTRACT

FORMATION CONTROL OF AUTONOMOUS VEHICLES: DESIGN AND
EXPERIMENTAL EVALUATION

Ozmarangoz, Ugur Mertcan
M.S., Department of Electrical and Electronics Engineering

Supervisor: Prof. Dr. Klaus Werner Schmidt

September 2021, 81| pages

Research on fully-autonomous vehicles is a rising trend in the 21st century, since it is
a promising area in which developments will be able to reduce work load of humans.
As a specific research problem, studies on formation control theory have been done
in the most recent years for fleets of autonomous vehicles in order to transform the
way of transporting goods and individuals. This study focuses on a nonlinear virtual
vehicle based controller, which is one of the formation control strategies in the liter-
ature. Since the existing work uses a kinematic vehicle model, this thesis extends the
existing work to a dynamic bicycle car model, which is more realistic. Specifically,
instead of assuming that the longitudinal and angular vehicle velocity can be directly
applied as control inputs, the thesis designs controllers in order to track desired lon-
gitudinal and angular velocities provided by the formation controller. In a simulation
study, the thesis compares the results of the kinematic and dynamic vehicle model,
concluding that the formation control is satisfactory for the dynamic model if the

designed controllers are tuned properly.
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0z

OTONOM ARACLAR ICIN FORMASYON KONTROLU: TASARIM VE
DENEYSEL DEGERLENDIRME

Ozmarangoz, Ugur Mertcan
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Klaus Werner Schmidt

Eyliil 2021 , [81]sayfa

Tam otonom araglar lizerine yapilan arastirmalar, gelismelerin insanlarin is yiikiini
azaltabilece8i umut verici bir alan olmasi nedeniyle 21. yiizyilda yiikselen bir trend-
dir. Spesifik bir aragtirma problemi olarak, mallar1 ve bireyleri tagima seklini doniis-
tiirmek icin son yillarda otonom arag filolar1 i¢in formasyon kontrol teorisi iizerine
calismalar yapilmistir. Bu calisma, literatiirdeki formasyon kontrol stratejilerinden
biri olan dogrusal olmayan sanal ara¢ tabanli bir kontrolére odaklanmaktadir. Mev-
cut calisma bir kinematik ara¢ modeli kullandigindan, bu tez mevcut calismay1 daha
gercekei olan dinamik bir bisiklet araba modeline genisletmektedir. Spesifik olarak,
lineer ve acisal ara¢ hizinin kontrol girdileri olarak dogrudan uygulanabilecegini var-
saymak yerine, tez, formasyon kontrolorii tarafindan saglanan lineer ve agisal hiz-
lar1 izlemek i¢in kontrolorler tasarlar. Bir simiilasyon ¢alismasinda, tez, kinematik ve
dinamik ara¢ modelinin sonuglarini kargilastirir ve tasarlanan kontroldrlerin uygun
sekilde ayarlanmasi durumunda formasyon kontroliiniin dinamik model i¢in tatmin

edici oldugu sonucuna varilir.
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CHAPTER 1

INTRODUCTION

Autonomous vehicles (AVs) are self-driving cars which use a combination of sensors
such as lidar, GPS, radar, etc. to sense their environment. In the recent years, an in-
creasing amount of research effort is spent to reach the fifth level of autonomy which
is Full Driving Automation [4-7]]. The majority of the development is aimed at inde-
pendent autonomous cars that can detect their environment and control the car based
on that perception with no driver interaction. Self-driving cars have different possible
usage areas such that personal commuting, transportation of goods for long distances,
shared robotaxis and vehicle platooning [[8-10]. If it is regulated properly, the usage
of autonomous vehicles in urban environments will most likely reduce mortality in
motor vehicle crashes caused by human error [[11]]. A specific topic for the automa-
tion of vehicles in traffic is to implement a generalized version of vehicle platooning,

i.e., formation control for a fleet of AVs which is the goal of this thesis.

The goal of formation control is to ensure that all vehicles in a formation are mov-
ing at the same pace while preserving a desired formation shape, as defined by an
inter-vehicle spacing strategy [12,|13]]. Forming a formation with autonomous vehi-
cles necessitates the use of particular algorithms, controllers, and tactics that include
longitudinal and lateral control. Furthermore, for formation control, communication
between the vehicles and sensing environment are necessary. In the literature, there
are different strategies used to achieve formation control of AVs. The mostly used
ones are Leader-Follower, Behavior Based and Virtual Based approaches [14]. In the
Leader-Follower approach, a vehicle among the fleet is assigned as the leader while
others are assigned as followers. There are also some works using the Behavioral

Based Approach, where each vehicle in a group shows different behaviors due to the



gathered information. There also strategies using a virtual rigid structure constructed

by CAVs which is controlled to follow a path to keep the structure.

In this thesis work, a formation control algorithm which is based on the virtual leader
approach is used [3]]. To develop a formation controller, a virtual leader and a virtual
structure around the leader is constructed with AVs. A nonlinear control algorithm
is designed by applying a virtual orientation input via the backstepping technique
in order to calculate the path of each vehicle to get in the desired position in the
formation structure. After obtaining the path, a path following problem for AVs has
to be solved. The formation controller is shown to be stable using Lyapunov Stability

Theory in [3]].

As the main contribution of this thesis, a disadvantage of the nonlinear formation
controller in [3] is addressed. The designed formation controller is using a kinematic
vehicle model to calculate a path for each AV, assuming it follows the path perfectly
with calculated linear and angular velocity. In this work, a dynamic bicycle car model
with a nonlinear tire model is used in order to obtain more realistic results. Specifi-
cally, controllers are designed to compute the acceleration and steering input of this
model from the longitudinal and angular velocity signals provided by the nonlinear
formation controller. Based on the realistic vehicle model and additional practical
limitations, it is confirmed in simulations that the formation controller is able to sus-

tain the desired virtual shape.

In short, the main contributions of the thesis are summarized as follows:

e Analysis of the nonlinear formation controller in [3|],

e Development of a control structure for computing the acceleration and steering
inputs of the dynamic bicycle model from the signals provided by the nonlinear

formation controller,

e Design of controllers for the longitudinal and angular velocity of the dynamic

bicycle model,

e Comprehensive simulations experiments that confirm the desired operation of

the designed formation controller.



This thesis is organized as follows. In the first chapter of this thesis, motivation
and scope of the thesis are provided. In Chapter [2] background information for au-
tonomous vehicles is presented. In addition, formation control and strategies used
in order to achieve formation control mostly which are leader-follower, behavioral
and virtual based controllers are explained. Finally, the formation controller based
on the virtual approach is provided from the literature which is used in this thesis. In
Chapter 3} the dynamic bicycle model is provided mathematically, which is required
to test the virtual-based formation controller with a more realistic vehicle model than
the kinematic model. In order to model the cornering force of the tires, the magic
formula is introduced. Then, in order to move the vehicle according to the reference
signals supplied by the nonlinear formation controller, linear and velocity controllers
are designed using P-controllers which are implemented using the gain scheduling
technique. Finally, the vehicle model with velocity controller is exchanged with the
kinematic model in the formation control strategy which is summarized in the previ-
ous chapter. The control performance when using the kinematic model and dynamic
model are compared and limitations of the formation controller are described based
on the obtained results. In Chapter[d} the thesis is concluded by discussing the results

and providing plans for future works.






CHAPTER 2

BACKGROUND

In this chapter background information about nonholonomic vehicles, formation con-
trol and its strategies and the nonlinear virtual based formation controller used in this

thesis are given.

2.1 Nonholonomic 4-Wheeled Autonomous Vehicles

A constraint of a system should be expressible as in Equation (2.1)) to be called holo-

nomic [15], whereby uq, ..., u, are the system coordinates and ¢ is time.

fur,ug, ... uy, t) =0 (2.1)

In other words, a holonomic constraint only depends on the coordinates and time.
Accordingly, a system can be defined as a holonomic system if all constraints of the
system are holonomic. Specifically, the state of a holonomic system does not depend
on the velocity (time derivative of position). As a result, path integrals of a holonomic
system are independent of the trajectory or transition between states but only depend

on the initial and final states of the system.

Constraints which cannot be expressed as in (2.I) are called nonholonomic con-
straints. Therefore, nonholonomic constraints are nonintegrable [16]. That is, a
nonholonomic system’s final state depends on the initial state and trajectory between
them. In particular, motion between two different positions at an infinitesimally-small

distance might not always be possible [[17].

Nonholonomic vehicles are described as systems which are constrained by rolling

restrictions that limit the potential motion directions. They are not able to move side-

5



ways directly, but only rotate by moving forwards and backwards [18]]. Therefore,
daily used automobiles, cars and car-like robots are classified as nonholonomic vehi-

cles. A nonholonomic car model is further detailed in Chapter 3]

2.2 Formation Control of Autonomous Ground Vehicles

Formation control or vehicle platooning is a method of controlling a group of un-
manned vehicles which are called connected autonomous vehicles (CAVs) to follow
a predetermined path while preserving a specific spatial pattern. Formation control
is the next step of using fully automated vehicles in daily life commuting, trans-
portation of individuals and goods. Vehicle platooning is an important component of
traffic control because it provides numerous advantages, including increased safety,

fuel economy, travel time, and decreased road congestion [14]].

Mainly three different approaches are adopted in formation control theory which can

be seen in Figure 2.1][[14]).

Formation Control

v v v
Leader-Follower Approach Virtual Structure Approach Behaviour-based Approach
| ]

v v v v v v v

Dynamic Swarm

Static Leader Virtual Leader |  Motor Schema | Potential Field Flocking

Leader Intelligence

Figure 2.1: Formation Control Approaches

2.2.1 Leader-Follower Approach

The simplest solution to the formation control problem among three approaches is the
leader-follower approach. In this technique, one of the robots in the fleet is assigned
as leader of the formation and others are the followers. While the leader follows

a predetermined path, the followers track the leader’s position. The leader can be

6



determined in three different ways: a static leader in which the leader robot remains
the same throughout the formation control, a virtual leader who is employed by the
program, and a dynamic leader, where the leader robot can change among the fleet in

different situations [14].

The leader-follower method has the advantage of reducing tracking mistakes, and it
can be analyzed using traditional control procedures. Furthermore, only the leader is
responsible for trajectory planning, and others must follow the leader’s path, resulting
in a simpler controller. For inconvenience of this approach, a single mistake by the
leader may penalize the entire formation. Also, data from the follower robots is not

generally used as feedback for the leader’s control loop in this method [[19]].

In order to give an example for leader-follower method from previously published re-
search, in [20], to accomplish vehicle platooning for a bunch of nonholonomic robots,
a gradient-based off-policy temporal-difference learning method was used. A static
line follower is created in this study. A leader robot among the fleet traveled without
the need for advanced path planning and the followers attempted to learn to follow
the robot in front of them [21]. As longitudinal control of each follower vehicle, a
neural dynamic programming method based on reinforcement learning was used. In
this method, three layers of neural network is implemented for optimal throttle and
break control policy. Inputs of the neural networks system are follower’s speed and
distance between itself and the vehicle in front and the output is the action of throttle

or break depending on inputs.

In another publication [22], different controllers were implemented for the vehicle
platooning of a fleet of AVs using leader-follower method. In order to achieve forma-
tion maintenance, feedback linearization controller was developed. An adaptive con-
troller to cope with inaccurate relative distance of vehicles was used. Also, a robust
adaptive controller was developed in order to decrease the effectiveness of external

interference [23]]. In order to confirm the stability of the cascaded system.



2.2.2 Behavior-Based Approach

In the behavior-based approach, each robot in a swarm has different behavior based
on inputs from sensors such as avoiding obstacles, pursuing destination, and keep-
ing formation [14]. Each behavior has a weight of significance and a coordinator
chooses what the individual must do due to the information gathered from the sensors
and importance level of the behavior. A network is structured between the robots in
order to plan interacting behaviors. The final action of each robot is derived by the

coordinator. The basic features of the behavior-based approach are listed below [24]:

Behaviors are implemented by control rules,

e Inputs from the vehicle’s sensors and modules in the system can be used for
each behavior. Due to the effect of each behavior, actuators of robots can be

commanded,

e Behaviors can get information from each sensor independently and command

same actuators,

e Behaviours are defined as basic as possible, and they are gradually introduced

to the system,

e Behaviors are executed simultaneously.

Since behaviors are executed through the information received from the sensors and
other modules in the system, the most important advantage of this approach is that it
can operate in unknown and dynamic environments. Furthermore, it is a parallel, on
the spot and distributed method which is required less exchanging information [19].
On the other hand, group dynamics should be derived mathematically. It is also hard

to obtain convergence and guarantee the stability of the whole formation [25].

In Figure[2.1] it can be seen that motor schema is a technique used for behavior-based
approach. Motor schemas are action orders that achieve a goal-oriented behavior
in agents. Schemas and motion primitives reflect a higher-level abstraction of robot
activities, such as avoiding obstacles, avoiding robot, and keeping formation, rather

than the simplest fundamental actions accessible to the AV, such as a single instruction



to an actuator [26]]. In a study [27], several motor schemas such as move-to-goal,
avoid-static obstacle, avoid-robot, and maintain-formation were used to evaluate a
variety of formation forms. These schemas were used to execute an agent’s general
behavior of moving to a desired place while avoiding obstacles and colliding with

other agents in the fleet while maintaining the formation.

In another study [28]], a distributed layered formation control framework was created
to lead the robots as a group in an unfamiliar area while avoiding impediments and
robot collisions. A leader—follower strategy for formation control and a behavior-
based approach for obstacle avoidance were adopted in this work, and dynamic leader

role switching was presented.

Another method for the Behavior-based approach is artificial potential field (APF)
method. In this method, the objective and barriers in search spaces produce two fields
for AVs [14]]. The repellent force field created by barriers and the attractive force field
generated by goals are the two fields. Closer to the barriers or objective, these factors
are more powerful, whereas farther away, they have less of an impact. To calculate
the robots’ motion, speed, and direction of movement while avoiding a collision, the

resultant forces (the total force) of the fields on the robots are utilized.

APF has been shown to be a good obstacle avoidance algorithm and is used to solve
the formation problem. In a research [29], an algorithm for formation control and ob-
stacle avoidance was simulated utilizing second-order consensus control and a mod-
ified APF approach. In another study [30], for the cooperative merging manoeuvre,
an APF method was used with a longitudinal control scheme. A single controller was
able to execute several tasks in this investigation, including vehicle following, gap

closure, obstacle avoidance, and platoon merging.

2.2.3 Virtual-Based Approach

In the virtual-based approach, or virtual structure approach, a virtual rigid structure is
derived by the group of robots. Each robot’s movement is controlled with the given
structure. In other words, the trajectory of each robot is not predefined but it is calcu-

lated from the movement of the structure. The same controller which minimizes the



error between the desired structure position and actual position of the corresponding

robot runs for each AV [14].

The advantage of using this virtual structure method is that achieving the coordinated
behavior is simple [19]. However, a fault in the center of calculations may mean
failure for the whole formation system. Furthermore, serious load of computation
and communication is centered in one location, which may decrease the performance

of the overall platoon [31].

Further advantages of the virtual-based approach are listed below [32]]:

There is no need for a robot to be assigned as leader,

Virtual rigid body shape can be changed without need of modification in the

system,

A precise control of agents can be achieved,

Tolerance to failure of the system during a failure of AVs in maintaining the

rigid structure is built inherently.

In [33]], a virtual structure method was used to control a vehicle convoy problem
which is established when many CAVs move together across multiple lanes in a pre-
planned pattern. Vehicle platooning is established by dividing the convoy control
issue into two different control methods which are virtual structure controller to con-
trol shape of the fleet and vehicle controller to control each vehicle in the fleet. A
nonlinear model predictive controller (MPC) was constructed for autonomous driv-
ing by merging lane-keeping and collision avoidance behaviors. Another paper [34]
suggested an architecture for adaptive virtual structure formation control, which in-
volved designing a controller for nonholonomic mobile agents to track time-varying
formations. Two controllers were developed in this research: a tracking controller
for achieving stable tracking control performance during transitions between two for-
mation configurations, and a formation controller for generating online formation

reference and causing AVs to converge to a given formation shape.

The flexible virtual structure technique was used to provide a stabilizing control

mechanism that assured that the agents in formation did not collide and that the in-
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tended shape was maintained [35]. To conduct multi-agent movement in this study,
three control laws were used: an attractive control law to ensure convergence to the
desired shape, a formation keeping and inter-robot collision avoidance rule, and an
obstacle avoidance law. Furthermore, a controller was created to solve formation con-
trol problem of multiple wheeled nonholonomic mobile agents by ensuring that the
Lyapunov candidate’s derivative is negative definite, indicating that the controller is

resilient to disturbances [3]].

2.3 Nonlinear Virtual Based Formation Controller

In [3], formation control problem is solved following virtual based approach. In the
study, each robot behaves as a particle of the rigid body. From the virtual structure,
each robot’s desired position with respect to the virtual car is derived. In Figure [2.2]

the kinematic model used in this study can be seen.

Ya

(0] X, X, x? X

Figure 2.2: Kinematic Model of the Nonholonomic AV [3]]

In the fleet of AVs, the i*" vehicle’s kinematic model is formulated as below:

T; = v; cos b,
Y; = v; sin 0; (2.2)

0; = w;

11



Furthermore, the virtual controller’s kinematic model is as follows:

Tpe = Upe COS By
yvc = Uyc sin evc (23)

@UC = Wy

There are two separate coordinate frames which are earth-fixed coordinate frame and
virtual car fixed coordinate frame. The desired position of the i*" vehicle which is
calculated from the desired shape of the rigid formation body is described as [z¢ y¢].
The desired position of the vehicle in the virtual car fixed coordinate frame is de-

scribed as [d,; dy;]. The desired position in the global coordinate is calculated as

below:
«T,Ld = Tye + dwz COS evc - dyi sin evc
2.4)
Y4 = Yye + dyi Sin O, + dyy; 08 Oy
Then, the error can be defined as
Cri = l’? — T
(2.5

_ .
Cyi = Y; — Yi-

In the study, the virtual controller is derived by applying a virtual orientation control
input via using the backstepping technique. The resulting controller, which deter-

mines the linear velocity of the i** vehicle, i.e. [v; w;] where the vehicle is moving

v = £/ T + 92, (2.6)

forward can be seen below:

where
jfi = I’d + ]{?Z tanh (o
; (€2:) 27
Ui = Y& + k; tanh(ey;)
The angular speed controller is derived as
w; = 0% + koegi (2.8)
with the desired angular velocity
5
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and the heading error

o = 07 — 0;, (2.10)

which is computed from the actual heading 6; and the desired heading 6;:

07 = atan2(7;(0), #;(0)) + / 07 dt (2.11)
t

In Equation (2.7), k; is a controller constant of the it" vehicle in the fleet. Also, in

Equation (2.8), kg; is the controller constant of the i** vehicle in the fleet for angular

speed. In [3]], the effect of a change in k; and ky; is not examined. These constants

are decided as k; = 1 and kg; = 3 for each AV in the fleet.

In order to examine the effect of varying k; and ky;, a simulation is carried out, whose
results can be seen in Figures[2.3] [2.4] [2.5]and 2.6] In this simulation, the virtual car is
assumed to travel straight (w,. = 0) with constant linear speed. Also in Table the
initial values and desired position of vehicle w.r.t. the virtual car can be seen. Firstly,
the nonlinear formation controller is tested with 3 different k; values ([0.5 1 5]) while
kg; is constant (kg; = 3). Then, k; is left constant (k; = 1) and the effect of ky; is
tested with 3 different values ([1 3 9]).

Table 2.1: Control Parameters Test Initial Conditions

Voe[m/s]  weel®/s]  Taes|m]  Yaes[m]  Xo[m] Yo[m]

20 0 1 1 -3 3

In Figure it can be seen that as k; gets higher, the settling time of the formation
controller gets lower. However, there occurs overshoot on the angular velocity of the
vehicle in Figure 2.4, Furthermore, the lateral acceleration of the vehicle exceeds
3 m/s?, which is undesirable for such vehicles. When k; = 1, the lateral acceleration
is within admissible limits. A similar result is true for varying ky; case which can be
seen in Figures and For ky; above 3, the lateral acceleration of the vehicle
exceeds the limit. Therefore, the same values for k; and ky; as in [3]] are used (k; = 1

and ky; = 3) in this thesis.
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Figure 2.3: Vehicle Positions for v,. = 20m/s, kg; = 3,k = [0.51 5]
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Figure 2.4: Linear and Angular Velocity, Error in X and Y Axis, Lateral Acceleration

of Vehicle for v,. = 20m/s, kg; = 3,k = [0.51 5]
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Figure 2.5: Vehicle Positions for v,. = 20m/s, kg; = [13 9],k =1

Linear Velocity Angular Velocity
w 21 @ 0
g205 s=-10
> o
) 20
0 5 10 15 0 5 10 15
time|s] time|s]
4 Error in X-axis 0 Error in Y-axis
E E 77
=2 =11 /
[} [
0 -2
0 5 10 15 0 5 10 15

time|s] time|s]

Lateral Acceleration of Vehicle

0= ,
r —Vehicle 1
5 — Vehicle 2|
—Vehicle 3

-10 :
0 5 10 15

time|s]

a[m/s?]

Figure 2.6: Linear and Angular Velocity, Error in X and Y Axis, Lateral Acceleration

of Vehicle for v,. = 20m/s, kg; = [139],k =1

Some additional simulation tests for the nonlinear formation controller in different
cases can be seen below for illustration. In these tests, Tables 2.2} 2.3] and 2.4] show
the desired position with respect to the virtual car position and the initial positions
in the global coordinate frame. Figures [2.10] and [2.13] show the linear velocity,
angular velocity and lateral acceleration of the virtual car. Furthermore, the positions
of the vehicles and virtual car throughout the simulation time is depicted in Figures

2.8 2.11]and[2.14] Lastly, the linear and angular velocities, error in x and y directions
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and lateral acceleration of each car in the fleet are given respectively in Figures 2.9]
2.12/and [2.15]

2.3.1 Casel

In the first test case, we consider that the virtual vehicle travels on a straight line with

a constant velocity.

Table 2.2: Case 1: Desired and Initial Positions

ples  ydes  gdes des  gdes des
—9 8 0 3 —2 -8

X1(0) Y1(0) X5(0) Y2(0) X5(0) ¥5(0)
—15 15 —12 -8 0 —25

Linear Velocity of VC
T

—21
£20
> 19 I I I
0 5 10 15 20 25
timels]
1 Angular Velocity of VC
E T
=0
=
_1 1 1 1
0 5 10 15 20 25
timels]
4 Lateral Acceleration of VvC
=0
F 1 | L Il
0 5 10 15 20 25

Figure 2.7: Case 1: Linear Velocity, Angular Velocity and Lateral Acceleration of
Virtual Car
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Figure 2.8: Case 1: Position of Vehicles and Virtual Car

It is readily observed from Figure [2.8| and [2.9] that, even all vehicles do not start on
their desired trajectory, the vehicle trajectories converge to the desired formation by
adjusting their longitudinal and angular velocities. Hereby, the lateral acceleration is

initially high due to the deviation from the desired trajectory.

Linear Velocity Angular Velocity

=2 N i
g20 e 0 —
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time]s|

Figure 2.9: Case 1: Linear and Angular Velocity, Error in X and Y Direction and

Lateral Acceleration of Vehicles
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2.3.2 Case?2

In the second test case, we consider that the virtual vehicle travels on a circular path

at a constant velocity.

Table 2.3: Case 2: Desired and Initial Positions

gles  ydes  gdes  gdes  gdes gdes
—6 6 6 0 —6 —6

X1(0) %1(0) X5(0) Y3(0) X5(0) Y3(0)
—20 15 —12 8 5 -9

Linear Velocity of VC
T T T

— 11 T
2
i 10
> 9 I | | | | | | | L
0 5 10 15 20 25 30 35 40 45 50
times]
Angular Velocity of VC
'E‘ 10 C T T T T T -
o~ 5f 4
: ﬁ 0 1 | | 1 | | 1 | |
0 5 10 15 20 25 30 35 40 45 50
times]
9 Lateral Acceleration of VC
Nm T T T T
£ ]
F 0 1 | | 1 | | 1 L |
0 5 10 15 20 25 30 35 40 45 50

time(s]

Figure 2.10: Case 2: Linear Velocity, Angular Velocity and Lateral Acceleration of
Virtual Car

Again, Figure[2.11] and [2.12] show that the vehicles successfully approach the desired
formation. In addition, it has to be pointed out that the the vehicles travel with a

non-zero angular velocity on the desired circular path.
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Figure 2.11: Case 2: Position of Vehicles and Virtual Car
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Figure 2.12: Case 2: Linear and Angular Velocity, Error in X and Y Direction and

Lateral Acceleration of Vehicles

2.3.3 Case3

In the third test case, we consider that the virtual vehicle both changes its longitudinal

velocity and performs turns in different directions.
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Table 2.4: Case 3: Desired and Initial Positions

x(fies yiles xges yges xges yges

-8 8 5) 0 -8 -8
X1(0) Yi(0) X2(0) Ya(0) X3(0) Y3(0)

—30 30 —20 15 15 30

Linear Velocity of VC
T T T

5 I 1 | | I | 1
0 5 10 15 20 25 30 35 40

times]
Angular Velocity of VC
T T T

— 10F T T T T 3
z / ]
TS 10t | I I I | | 1 -
0 5 10 15 20 25 30 35 40
timels]
Lateral Acceleration of V
& oF T T T ]
5o e T—
© 21 1 I I I I ! | i
0 5 10 15 20 25 30 35 40
times]

Figure 2.13: Case 3: Linear Velocity, Angular Velocity and Lateral Acceleration of

Virtual Car

Similarly to the previous cases, all vehicles follow the desired formation after a short

transition from the initial state. Hereby, it has to be noted that, despite the variations

in the longitudinal and angular velocity of the virtual vehicle, only minor deviations

from the desired trajectory are observed after the transient phase.
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Figure 2.14: Case 2: Position of Vehicles and Virtual Car
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Figure 2.15: Case 3: Linear and Angular Velocity, Error in X and Y Direction and

Lateral Acceleration of Vehicles

2.3.4 Discussion

It has to be noted that the described method relies on the usage of a simple kinematic
vehicle model that allows direct adjustments of the vehicle’s longitudinal and angular
velocity as control inputs. The main aim of this thesis is the extension of the described

method to a dynamic and hence more realistic vehicle model.
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CHAPTER 3

FORMATION CONTROLLER DESIGN FOR A REALISTIC VEHICLE
MODEL

In this chapter, the dynamic bicycle vehicle model is derived to be able to test the for-
mation controller described in Section with a realistic vehicle model instead of a
kinematic model. Furthermore, a tire model which is used frequently in the literature
is introduced to model the cornering force. Basic controllers for linear and angular
velocity are designed for the dynamic vehicle model to follow the path found by the
formation controller. Finally, the formation control performance with the dynamic

model is compared with the kinematic model via simulations.

3.1 Dynamic Car Model

In this section, the dynamic model of a nonholonomic 4-wheeled vehicle is introduced
due to the need for a more realistic vehicle model than the kinematic model which
is used in Section[2.3] The dynamic vehicle model is based on the Dynamic Bicycle

Model.

3.1.1 Dynamic Bicycle Model

The Dynamic bicycle Model is the most simple dynamic vehicle model in the litera-
ture [36]. The dynamic vehicle model in this study is based on a bicycle car model
which is studied by Ardm in [1]. Ardm used the dynamic bicycle model which is
represented in Figure [3.1] There are two different coordinate frames which are global

coordinates (X, Y and V) and body coordinates (z, y and v), which are originated in
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Figure 3.1: Dynamic Bicycle Model

the center of gravity of the car.

In order to control the vehicle model shown in Figure [3.1]in the global coordinate
frame, linear and angular speed of the car must be manipulated by changing the motor
traction force (Fy) and the steering angle of the front wheels (9). State equations for
the linear speed and the slip angle /3 of the vehicle are given in (3.1]) and (3.2)) [1].

Fifcos(0) ;L F.rsin(6) + sin(B) Fiysin(d) + };c;c cos(0) + F,

0 = cos(B) (3.1)

(Fipsin(d) + Fi.r cos(d) + Fi;) cos(f)
muv

B = — 1pcos?(B) (3.2)

In addition, the angular speed of the vehicle (¢) is the remaining state in the model
which is equated in (3.3)):

(Fyfsin(0) + F.fcos(d))a — Fob
]ZZ

) = (3.3)

The forces in these equations are listed below:

Fj¢: Traction force provided by the engine,

F,¢: Cornering force on front tire,

Fy,.: Longitudinal force on rear tire,

F..: Cornering force on rear tire.
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It should be noted that the vehicle model used in this study is actuated at the front

tire. Therefore, there is no longitudinal force on the rear tire such that F;,. = 0.

Parameters for a passenger vehicle which can be seen in Table [3.1] are also used by
Rucco in 2014 [2]. The dynamic vehicle in the simulations is modeled with the

constants below:

Table 3.1: Model Parameters for a Passenger Vehicle

mlkg] L.[kgm®] alm] bm]

1480 1950 1.421 1.029

3.1.2 Lateral Acceleration

The lateral acceleration (a,) is an essential indicator of a comfortable ride [37]. The
lateral acceleration of the car is proportional to the square of the vehicle’s linear speed
and inversely proportional to the radius of the curve where the vehicle is traveling as

can be seen in (3.4)
a, = —. (3.4)

r

the curve radius (r) can be calculated as below, where v stands for the linear velocity

and w stands for the angular velocity of the vehicle:

r=2. (3.5)
w
By substituting (3.5) into (3.4), the lateral acceleration can be calculated as
ay =v-w. 3.6)

In [37]], the levels of ride comfort are introduced, which are comfortable, medium
comfortable and uncomfortable. Limit values of the lateral acceleration of these lev-
els are 1.8 m/s?, 3.6 m/s? and 5m/s?. In this study, a passenger type vehicle’s param-
eters are used. In [38], tests are run for a passenger car and characteristics of ride

are evaluated for several road types like highways with different lane amounts and
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mountain roads. In highways where formation control is more likely to be used, lat-
eral acceleration did not exceed the medium comfort limit of 3.6 m/s?. Therefore, the

lateral acceleration of vehicles is kept within the comfort and medium comfort zones.

3.1.3 Tire Model

The cornering force in the model mentioned in section [3.1.1]is created due to the
dynamic nature of tires. Therefore, a tire model is needed to model a realistic vehicle
as a dynamic system. Pacejka [39}40] suggested a semi-empirical and nonlinear
model for tire modeling. In this model, the tire’s cornering force depends on the slip

angle.

The slip angle is described as the angle between the wheel’s pointing vector and the
wheel’s actual movement vector [39]. In Figure[3.2] it can be seen how the slip angle
occurs due to the deflection of the structure of the tire while steering the wheel. That

is, indeed, the cornering force on tires results from the slip angle.

F'gth qf
angle““‘% 0 rolling tire

Contact
| patch

Figure 3.2: Slip Angle due to Distortion of Tire

The slip angle is calculated as the angle between the forward velocity vector and
lateral velocity vector. The resulting equation for slip angles of forward and rear tires

using local coordinates of the dynamic bicycle model are given in (3.7) and (3.8)
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respectively [/1]].

oy = tan' (¥ t,cm/’) 5 3.7)
ap = tan_l(y ;b¢) (3.8)

For the cornering force calculation, Pacejka [39,40] came up with the Magic Formula
for front and rear tires which can be seen in (3.9) and (3.10). The magic formula is
frequently used in the literature [2,41,42].

F.; = Dsin(C'tan™'(Ba; — E(Bay — tan™'(Bay)))) (3.9)

F,. = Dsin(Ctan ! (Ba, — E(Ba, — tan"'(Ba,)))) (3.10)

In these equations, oy and v, are the slip angles of front and rear tires, respectively.
Also, B, C, D and E are constants, which depend on each tire’s nature. Here, the

constant D is related to the road friction coefficient (1) and the total weight on a tire

calculated in (3.TT).

D = pmg. (3.11)

The cornering force is illustrated with varying parameters in the Magic Formula. Each
coefficient in the Magic Formula changes a different characteristic of the cornering
force. In Figure[3.3] it can be seen that by changing parameter B, the angle in which
the maximum/minimum force location appears can be changed. For large slip an-
gle values, the saturation value level of the cornering force can be manipulated by
varying C' as can be seen in Figure [3.4] The maximum force can be adjusted by the
parameter D as can be seen in Figure Finally, the curve sharpness changes with

the parameter £/ which can be seen in Figure [3.6]
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Figure 3.4: Cornering Force vs Steering Angle for Varying C' Coefficient

28



«10% Cornering Force vs Steering Angle
T T T T

—DbD =-1.3*10*
—D =-1.5*10%|

D =-1.7*10*
—D =-1.9*10%
—bD=-2.1*10*

-

Tire Cornering Force [N]
& o
T T

'
N
T

o
S}

-8 -6 -4 -2 0 2 4 6 8 10
Slip Angle [°]

Figure 3.5: Cornering Force vs Steering Angle for Varying D Coefficient

N

=
3

Tire Cornering Force [N]
=)
&) o

'
=N

\
A
)

'
N
T
|

Slip Angle [°]

Figure 3.6: Cornering Force vs Steering Angle for Varying & Coefficient

From now on, parameters from in Tabld3.2) are used for Magic Formula to
calculate cornering force on tires. Also, it is assumed that front and rear tires are

exactly same. The resultant cornering force with respect to slip angle is illustrated in

Figure
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Table 3.2: Magic Formula Parameters [1,2]

B C D E

822 1.65 —1.7-10* -10
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Figure 3.7: Cornering Force vs Steering Angle

The nonlinear characteristics of the tire cornering force have already been examined
previously. In Figure it can be seen that tires start to slip when the slip angle
exceeds 4°. However, the cornering force behaves as it is linear for slip angles below
4°. Therefore, if it is assumed that the slip angle will never exceed the critical angle

of 4°, a linear formula for the cornering force can be used.

In order to linearize Magic Formula described in (3.9), The Taylor Series is used for

the slip angle around the origin (o = 0) and the linearized equation can be seen below.

F.=B-C-D-a. (3.12)

Results for the linearized Magic Formula are illustrated in Figure[3.8] It can be clearly

seen that for slip angles below 4°, (3.12)) can be used instead of the Magic Formula

for modeling the cornering force.
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Figure 3.8: Magic Formula vs Linearized Magic Formula

3.1.4 Motor Traction Force

As mentioned in Section [3.1.1} the motor traction force Fj; is one of the inputs of the

dynamic bicycle model. In Ardm’s study [1]], £} is calculated as in (3.13).

ma, — F.r(cos(0) sin(5) — sin(d) cos()) — Fi, sin(f)
cos(6) cos(B) + sin(d) sin(/3)

Fiy = (3.13)

For the calculation of the motor traction force, F.; and F,, are explained in Section
B.I.1l a, is the desired acceleration of the vehicle. Therefore, the required motor
traction force (F;y) can be directly calculated from the desired acceleration, which
can then be considered as the input of the system instead of the motor traction force

even during maneuvers (§ # 0).

In this study, it is assumed such that the motor of the car can give any amount of
traction force. However, although the motor of the vehicle can generate sufficient
force for the required control effort, there is a limit, where too much force can make
the tires spinning so that the car can not accelerate as expected. The aximum traction
effort that avoids tires from spinning depends on the road surface’s adhesion, rolling

resistance, vehicle’s characteristics and linear speed of the vehicle. For front-wheel-
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drive vehicles, the maximum traction force can be seen in (3.14)) [43].

W (a+ fuh)/(a +b)

F max —
e 1+ ph/(a + b)

(3.14)

Here,
1 = coefficient of road adhesion,
W = weight of car,
fr = coefficient of rolling resistance,

h = height of center of gravity.

The coefficient of road resistance for a road vehicle driven on paved surface can be

calculated with respect to the vehicle speed as

V
frr=1(0.01)(1 4+ m) (3.15)

In Table [3.3] the maximum coefficient of road adhesion values according to the road
condition are given. In Figure [3.9] the maximum traction force with respect to the

vehicle speed for varying road adhesion coefficients is illustrated.

Table 3.3: Typical Road Adhesion Coefficients

Maximum Coefficient
of Road Adhesion
Good, dry | 1.00

Good, wet | 0.90

Poor, dry | 0.80

Poor, wet | 0.60

Ice 0.25

Pavement

In this study, pavement’s condition is assumed as good and dry in Table [3.3] (1 = 1).
Also, the vehicle’s height of center of gravity is chosen as 0.55 meters from the road

level [43]].
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Figure 3.9: Maximum Track Force vs Vehicle Speed for Different Road Adhesion

Coefficients

3.1.5 Friction Circle

The friction circle describes the fact that the longitudinal and lateral forces on the tire
are limited by each other [39]. For a real-world tire, lateral and longitudinal force does
not limit each other equally so it is more suitable to use the term "friction ellipse".
However, for this work it is assumed for simplicity that they are limited equally. The
resulting limitation is equated in (3.16). In this inequality, a;o,, and a;,; refers to the
longitudinal and lateral acceleration, while p stands for the friction coefficient of the

road and g stands for gravitational constant.

Aoy T Uy < 129 (3.16)

The friction coefficient is taken as 1, which represents dry-asphalt. As mentioned Sec-
tion[3.1.2] the lateral acceleration is limited as 3.6 m/s? in this work. For a comfortable
ride, the longitudinal acceleration should be less than 2 m/s? [44-46]. However, for
some cases in this work, the longitudinal acceleration can reach up to 5m/s? due to
the linear velocity controller’s performance which is mentioned in Section [3.2.1] As
a result, it must be noted that the friction circle is not violated in any case throughout

the thesis work.
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3.1.6 Simulation Results for Nonlinear Bicycle Model

The nonlinear model has three states and two inputs which are already explained in
Section[3.1.1] In (3.17), = defines these states and « defines the inputs. Furthermore,
as the motor traction force Fjy, (3.13)) is being used.

v

r=|f and u= (3.17)
¥
In (3.18), the functions f;, f, and f3 are already given in (3.1), (3.2) and (3.3), re-

spectively.
v fi
=Bl =|f (3.18)
vl L
Therefore, the overall model is as stated below:
JK
r=|[ B (3.19)
S

Since the Cartesian coordinate system is used as global coordinate frame for the non-
linear formation controller, the vehicle’s movement should be converted to the Carte-

sian coordinates as below:

& =wcos(f) (3.20)

Y = vsin (B) (3.21)

(3.20) and (3.21)) are defining the speed in x and y directions in the body coordi-
nate frame. In order to find the vehicle’s speed in X and Y directions in the global

coordinate frame, the equations below are used:

X = dcos (¢) — gsin (¢) (3.22)

Y = d@sin (¢) + 9 cos (¥) (3.23)

34



Finally, the positions can be calculated by integrating (3.22)) and (3.23)) as below:

X =Xo+ /:1: dt (3.24)
t

Y:YO+/ydt (3.25)
t

In the subsequent figures, simulations of the nonlinear bicycle model can be seen
for different inputs. Figure [3.10] displays the case of a non-zero steering input and
zero acceleration. The corresponding vehicle position is shown in Figure 3.11] and
the related speeds and lateral accelerations can be seen in Figure [3.12] Furthermore,

Figure [3.13] shows that the slip angle remains limited.

Steering angle §
T T

1 i 1
0 5 10 15 20 25 30 35 40 45
t[s]

Desired Acceleration (ar)

1 T T

a,[m/s?

Figure 3.10: Case 1: Steering Angle and Desired Acceleration as Inputs
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Figure 3.11: Case 1: Position of Car
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Figure 3.12: Case 1: Linear Velocity, Angular Velocity and Lateral Acceleration of
Car
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Figure 3.13: Case 1: Slip Angles of Front/Rear Tires and Motor Traction Force

Figure [3.14] considers the case of fluctuations in the steering angle and the desired
acceleration. The simulation results in Figure [3.15] to [3.17] show the related vehicle

signals.

Steering angle §
T

0.5 =
= 0
0.5 I I I I I ]
0 1 2 3 4 5 6 7 8 9 10
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Desired Acceleration (ar)
4 T T T
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tls]

Figure 3.14: Case 2: Steering Angle and Desired Acceleration as Inputs
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Figure 3.15: Case 2: Position of Car
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Figure 3.16: Case 2: Linear Velocity, Angular Velocity and Lateral Acceleration of
Car
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Figure 3.17: Case 2: Slip Angles of Front/Rear Tires and Motor Traction Force

Finally, we apply the inputs in Figure [3.18] with abrupt changes in the steering angle
and desired acceleration. Figure [3.19|to[3.21] again confirm the intuitively expected

reaction of the vehicle to the applied inputs.
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Figure 3.18: Case 3: Steering Angle and Desired Acceleration as Inputs

39



Figure 3.20: Case 3: Linear Velocity, Angular Velocity

Car
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Figure 3.21: Case 3: Slip Angles of Front/Rear Tires and Motor Traction Force

3.1.7 Linear Dynamic Bicycle Model

If a linear model can be obtained from the nonlinear bicycle car model, linear tech-
niques can be used in order to control the vehicle movement with reference signals
from the formation controller. To linearize the bicycle model, (3.1)), (3.2) and (3.3)
are used, where (3.13) and (3.12)) are inserted.

The resulting equations are linearized using the Taylor Series around the point with
zero steering angle and the car moves at a constant speed. In other words, the chosen
equilibrium point is v = vy, (constant speed), 5 = 0, 2/1 =0, =0, a =0. The
equations of the linearized model are given in (3.26), (3.27) and (3.28).

V= a, (3.26)
. 2BCD . BCD(a—5 BCD
B=p L BRlezb) s (3.27)
™muv ™muv
. _ ) 2 12
b= ﬁBC’DI(a b) +¢BCD(ICL +0°) 5B?Da (3.28)

For a constant speed such as v, the resulting linear state-space model becomes like in
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equation (3.29).

v 0 0 0 v 0 1 5
Bl = o mee s o) gl EE 629
.. a
BCD(a—b) BCD(a?+b?) BCDa T
¢ 0 Izz Izz w IZZ 0

In addition, it can be noted that it is possible to remove v from the linear state space
model since it is the integral of a,. The resulting reduced state space model is shown

in (3.30).

[ e oemen ) [g] [aen
0 = | BcDa-b)  BOD(@@*+b?) ¥ T | sopa [5] (3.30)
Izz Izz Izz

It is already stated that the nonlinear model is linearized for a constant velocity v.
For this model, the linearization speed is taken as v = 10 m/s and the parameters in
Tables [3.1]and [3.2] are used. The final model with substituted parameter values can be

found in equation (3.31).

; -31.16 —1.61 15.58
b o [5} 3.31)

i —46.35 —36.40| |4 168.02

To validate the state-space model, the same steering angle input in Figure [3.22] is
given to both nonlinear model with linear tire model and linear state-space model. In
the first experiment, the linear car speed of both models is fixed to the linearization
speed (v = 10 m/s), which can be seen in Figure [3.22] In Figure [3.23]it can be seen

that linear model and nonlinear model are moving very close to each other.
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Figure 3.22: Step Steering Input and Car Speed

Figure 3.23: Position of Car Models

On the other hand, as the speed of linear car model diverges from the linearization
speed, the results from the linear state-space model diverge from the nonlinear model.
The same steering angle input as before is given to both models. However, this time
desired acceleration is fixed as a, = 0.2 m/s?) as in Figure It can be seen clearly
that the resulting positions of the models differ in Figure[3.25] As the speed of the car

diverges from the linearization speed, the linear state-space model looses its accuracy.
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Figure 3.24: Step Steering Input and Car Speed
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Figure 3.25: Position of Car Models

Since the derived linear model diverges from the nonlinear model after changes in the
linear speed of the vehicle, it can not be directly used for vehicle speed controllers.

Hence, robust controllers for nonlinear systems will be used for vehicle controllers.
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3.2 Vehicle Linear and Angular Speed Controllers

In Section [2.3] the linear and angular speed of AVs are given as output of the non-
linear formation controller and serve as the inputs for the kinematic vehicle model.
Nevertheless, linear and angular velocity are states of the dynamic bicycle model and
can hence not directly be controlled. In order to apply the reference values for the lin-
ear and angular velocity provided by the nonlinear formation controller, we propose
the control structure as shown in Figure [3.26] Here, the dynamic bicycle model with
the steering angle o and the desired acceleration a, as described in Section 1s

used.

h
i
<

Vref Linear Speed
Controller

Vehicle Model

L J

A J

w Angular

W,

- ;-{-\- Speed i W
£ Controller

Figure 3.26: Linear and Angular Speed Controllers for Vehicle Model

3.2.1 Linear Velocity Controller

In this section of the study, the development of a linear velocity controller is de-

scribed. Firstly, the most basic controller which is a P-controller is used as below:

a, = K}, (3.32)

where

€ = Upef — U (3.33)
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The P-controller is next evaluated for different coefficient values. As the coefficient
of proportional controller gets bigger, the control effort (/7;) gets higher which can
be seen in Figures [3.27] [3.28 and 3.29] In Figure [3.29] it can be seen that at the

beginning of the simulation where the error is large, the traction force generated by

the motor is larger than the threshold which is described in Section [3.1.4]
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Figure 3.27: Linear Velocity Controller with K Ilf” = 0.2 for Large Error
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Figure 3.28: Linear Velocity Controller with K fj” = 0.3 for Large Error
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Figure 3.29: Linear Velocity Controller with K ]ff” = (0.4 for Large Error

However, for smaller errors such as in the cases below (Figures and [3.31)), the

control effort is lower, which results in a slow convergence to the reference signal for

the linear velocity of the vehicle.
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Figure 3.30: Linear Velocity Controller with K Ilj" = 0.3 for Small Error
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Figure 3.31: Linear Velocity Controller with K Ilf” = 0.4 for Small Error

Accordingly, a single P-controller for the linear velocity control is not efficient since
the controller performance is low for small errors when a small proportional coef-
ficient is chosen such that the control effort, i.e., the motor traction force does not
exceed the limit value for large errors. On the other hand, when the coefficient is
chosen to be high in order to improve the performance for low errors, the maximum

motor traction force is exceeded.

In order to get a satisfactory performance for both low and high errors, a gain sched-
uler for the P-controller is implemented. The equation for the proportional coefficient
with respect to the error can be seen below:

K — M G (3.34)

ellerror|Kmin)

In Figure[3.32] it can be seen how the proportional constant of P-controller is changed

with respect to the error for the gain schedule’s parameters in Table [3.4]

Table 3.4: Gain Scheduling Parameters

Glin Glin Klm

min mazx min

0.27 8 1
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Figure 3.32: Gain Scheduling K ;f” with respect to error of linear velocity

The results of the linear speed controller which is implemented with gain scheduling
K, can be seen in Figure @ and @ For large errors, the motor traction force
does not exceed its limit. Furthermore, it can be seen clearly in Figure [3.34] that the
controller performance is significantly improved compared to the simple proportional

controller for low errors, which is confirmed in Figure [3.30
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Figure 3.33: Linear Velocity Controller with Gain Schedule for Large Error
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Figure 3.34: Linear Velocity Controller with Gain Schedule for Small Error

The previous experiments were carried out for the parameters of a passenger vehicle.
We next look at the parameters of a small truck, whose weight and size are bigger

than a passenger vehicle as shown in Table [3.5][47]].

Table 3.5: Model Parameters for a Small Truck

mlkg] L.lkgm?] alm] blm]

7490 4700 1.7 2.55

Since this vehicle is heavier, the traction force supplied by the motor is higher to ob-
tain the same desired acceleration for the passenger type vehicle. Although the motor
capacities of these vehicles are bigger, it is natural not to obtain as high acceleration
as for small vehicles. Therefore, the linear velocity controller should be tuned for
different types of vehicles. The tuned gain scheduled controller parameters for the
small truck can be seen in Table and the related simulation results are shown in
Figures @] and @ As anticipated, with the available motor traction force, less
acceleration can be generated for the bicycle model of the small truck. Hence, it is
slower for heavier vehicles to reach the reference velocity due to the increased mass

and limited traction force.
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Table 3.6: Gain Scheduling Parameters for Small Truck

Glin Glin Klin
0.05 1.3 1

Linear Speed vs Time
T T

r ! —F]eedback
[ ‘ ‘ ‘ | ‘ —Reference
0 10 20 30 40 50 60 70 80 90 100
ts]
Desired Acceleration (ar)
T T T T T T T
L | Il L | Il
0 10 20 30 40 50 60 70 80 90 100
t[s]
" " —Max F
Maximum and Real Traction Force . If
= T T T T —_— |f
ke Il ! L L L L =
0 10 20 30 40 50 60 70 80 90 100
t[s]

Figure 3.35: Linear Velocity Controller with Gain Schedule of Small Truck for Large

Error
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Figure 3.36: Linear Velocity Controller with Gain Schedule of Small Truck for Small

Error
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3.2.2 Angular Velocity Controller

In Section [3.2.1] a linear velocity controller is developed for the longitudinal vehicle
control. In this section, an angular velocity controller is developed in order to manip-
ulate the vehicle’s lateral motion. As for the linear velocity controller, a proportional
controller is implemented with a gain scheduler since it is more efficient than a simple
P controller.

0= K,"e, (3.35)

where

€= Wef — 1. (3.36)

The gain schedule’s parameters are defined as in Table [3.7|and the resulting parame-
ters with respect to the error can be seen in Figure

Table 3.7: Gain Scheduling Parameters

Gﬂmg Gang K‘lng

min mazx min

1 9 10

Gain Scheduling Kp vs Error
9 T T

1 | | 1 L | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Error [rad/s]

Figure 3.37: Gain Scheduling K, with respect to error of angular velocity

The angular velocity controller is first tested while the vehicle’s speed is constant at

10 m/s. The results can be seen below:
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Angular Velocity vs Time
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Figure 3.38: Angular Velocity Controller with Gain Schedule when v = 10(m/s)

As can be observed in Figure [3.38] when the reference signal changes in an instant
there occurs a big spike in the slip angle of the front tire slip. The reason is that
the steering angle (§) changes instantly such that also the error changes instantly.
However if a wheel steering controller for steering is implemented for experiments in
real vehicles there will not be any issue as spikes in the slip angle of the front tire. The
reason is that, in reality, the steering wheel cannot be turned as fast as in Figure [3.3§]
In order to eliminate the spikes, the controller is changed a bit which can be seen in
(3:37) and (3.38). Instead of directly controlling the steering angle, we suggest to

control the time derivative of the steering angle.

0 =Ko xe (3.37)

§ =06+ /Sdt (3.38)
t

The results for the new angular velocity controller with the same gain scheduling in

|31] for K79 can be seen below:
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Angular Velocity vs Time
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Figure 3.39: Angular Velocity Controller when v = 10 m/s

It also has to be mentioned that the steady-state error between the reference signal
and angular velocity of vehicle in figure does not appear when using & as the
input signal. This is due to the addition of an integrator in the control loop. However
with this controller parameters there is a small overshoot in §. In the figures below

it can be seen that overshoot becomes larger and it becomes oscillating as the linear

velocity gets higher.
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Figure 3.40: Angular Velocity Controller when v = 20 m/s
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Angular Velocity vs Time
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Figure 3.41: Angular Velocity Controller when v = 30 m/s

In order to reduce the overshoot and oscillations, the controller should be re-tuned.
The re-tuned gain scheduling parameters for the angular velocity controller can be

seen in the table below:

Table 3.8: Re-tuned Gain Scheduling Parameters

Gang Gan g K‘l@g

min mazxr min

0.7 3 10

The resulting scheduled gain with respect to error can be seen in the figure below:
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Gain Scheduling Kp vs Error
3 T T

0.5 | | 1 |
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Figure 3.42: Re-tuned scheduled gain K ;"9 with respect to error of angular velocity

The results for the re-tuned controller are displayed in Figures [3.43] [3.44] and [3.43]

For higher linear velocities of the vehicle, the overshoot cannot be eliminated if

enough performance for the nonlinear formation controller is desired. However, re-
tuning the angular velocity controller leads to reduced oscillations which would pro-
vide a smoother riding experience. In other words, as long as the controller’s perfor-
mance is good enough to provide convergence to the desired position of the vehicle

comfortable driving experience should be high priority.

Angular Velocity vs Time

- 10
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B -10 | | | —Reference
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
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2 1 L L 1 —
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Figure 3.43: Re-tuned Angular Velocity Controller when v = 10 m/s
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Angular Velocity vs Time

= 10r
p 5 / —Feedback
& 5L i ‘ i —Reference

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
t[s]
a,and o
f r
- T T T
= =~ =
- o | 1 qr
0 0.2 04 0.6 0.8 1 1.2 14 1.6 1.8 2
t[s]

o L b

0 0.2 04 06 08 1 1.2 1.4 1.6 1.8
t[s]

Figure 3.44: Re-tuned Angular Velocity Controller when v = 20 m/s
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Figure 3.45: Re-tuned Angular Velocity Controller when v = 30 m/s

3.3 Nonlinear Formation Controller with Dynamic Vehicle Model

A dynamic vehicle model with angular and linear velocity controllers has been ob-
tained in Sec. [3.I] In this section, the nonlinear formation controller based on the
Virtual Based controller, which is introduced in @ will be tested with the dynamic
model instead of a kinematic model. Block diagram of the system under test can be

seen below:
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Figure 3.46: Block Diagram of System for Simulation Tests

3.3.1 Assumptions and Limitations

We next state several assumptions for the simulation experiments.

o All vehicles in the fleet are identical. Hence, same vehicle and controller pa-

rameters that are covered in Sections and[3.2] are used for each AV.

e The motor traction force (Fjy) is calculated from desired acceleration (a,) which
is explained in Section [3.1.4] In these simulations, motors of the vehicles are

assumed to be able to give required motor traction force in instant.

e The motor traction force should be lower than its maximum value which is
explained in Section[3.1.4]in order to prevent tires from spinning at any time of

the simulation.

e In Section [3.2.2] the control input is explained to be the rate of steering angle

(0). It is assumed that the control input is applied to the wheel exactly.

e The tire slip angle should not exceed 4° in order to prevent slipping which is

examined in Section 3.1.3

e The lateral acceleration of the vehicle should not exceed 3.6 m/s? in order to

achieve at least medium comfort ride which is mentioned in Section
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3.3.2 Simulation Results

Simulations are first run in different cases for a single car. It is assumed that since
other vehicles are identical and the same controllers are used they behave similar. At

the end, some simulations are run for a fleet of cars.

In this part of the thesis, the tables show initial conditions and desired positions of
the vehicles and the control parameters for the nonlinear formation controller, the

linear and angular velocity controllers. Figures[3.47| [3.51] [3.55| and [3.59| show linear

velocity, angular velocity and lateral acceleration of the virtual leader for different
cases. The resulting vehicle positions can be seen in Figures [3.48] [3.52] [3.56] [3.60]
B.63and

For a deeper understanding of cases, results such as error values of position in X and

Y axis, slip angle of tires, lateral acceleration and motor traction force of vehicles are

given in Figures (50, 557 B-58) 262 B264) and 566

3.3.2.1 Casel

In this case, only one vehicle is tested with the formation controller. The dynamic
vehicle model and kinematic vehicle models are compared with the same formation
controller parameters and initial conditions. The linear and angular velocity controller

parameters are chosen as described in Section[3.2.T]and [3.2.2] The virtual car’s linear

and angular velocity is varying during the simulation time as in Figure The
resulting positions of the kinematic and dynamic models can be seen in Figure [3.48]

where both move on very similar paths.

Table 3.9: System Tests Case 1: Desired Positions and Initial Conditions

Taes[m]  Yaes[m] 0(0)[m/s] w(0)[°/s] X(0)[m] ¥ (0)[m]
4 10 20 0 -7 20
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Table 3.10: System Tests Case 1: Controller Parameters

k k?g Glin Glin Klin Gtmg Gany K‘mg

min max man min max min

1 3 027 8 1 0.7 3 10

Linear Velocity of VC
T 3 T T T

0 2 4 6 8 10 12 14 16

Angular Velocity of VC
T

75 T T T

=< = =
?0 /
B 5L I | | | | | i =

0 2 4 6 8 10 12 14 16
t[s]
Lateral Acceleration of VC
T

5" I L I | | | L

0 2 4 6 8 10 12 14 16
t[s]

Figure 3.47: Case 1: Linear Velocity, Angular Velocity and Lateral Acceleration of
Virtual Car
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8O o o o o 2 i =
— 0F 1
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X[m]

Figure 3.48: Case 1: Positions of Vehicles in Global Coordinates Frame
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Linear Velocity Reference vs Feedback of Dynamic Model
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Figure 3.49: Case 1: Angular and Linear Reference and Velocity
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Figure 3.50: Case 1: Errors in X and Y Directions, Slip Angle, Lateral Acceleration

and Motor Traction Force

3.3.2.2 Case?2

This case has the same inputs, initial conditions and parameters except for the linear
velocity controller which can be seen in Table [3.12] The linear velocity controller
parameters are chosen such that the controller perform poorly, which can be seen in
Figure 3.53] The dynamic vehicle model is not able to track the desired position in

Figure [3.52) with a poor linear velocity controller.
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Table 3.11: System Tests Case 2: Desired Positions and Initial Conditions

Taes[m]  Yaes[m] 0 (0)[m/s] w(0)[°/s] X(0)[m] Y(0)[m]
4 10 20 0 —7 20

Table 3.12: System Tests Case 2: Controller Parameters

k k@ Glin Glin Klin Gang Gang Kang

min mazx min min max man

1 3 02 3 1 0.7 3 10

Linear Velocity of VC
T

wn 25 T Ik T Ik T
2
%20 /—\/’_\d/\
2 15 | | 1 | | | 1
0 2 4 6 8 10 12 14 16 18 20
t[s]
Angular Velocity of VC
n T T T
= 5+ \/___,__;
g0 *
3 5k | 1 1 | | | | =
0 2 4 6 8 10 12 14 16 18 20

t[s]
Lateral Acceleration of vC

8 T T T T =

B =

= | ]
& L L i 1 L L i

0 2 4 6 8 10 12 14 16 18 20
t[s]

Figure 3.51: Case 2: Linear Velocity, Angular Velocity and Lateral Acceleration of
Virtual Car
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Figure 3.52: Case 2: Positions of Vehicles in Global Coordinates Frame
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Figure 3.53: Case 2: Angular and Linear Reference and Velocity
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Figure 3.54: Case 2: Errors in X and Y Directions, Slip Angle, Lateral Acceleration

and Motor Traction Force

3.3.2.3 Case3

In the first and second case, the linear velocity of virtual car and vehicle is the same
at the beginning of the simulation (v(0) = v,.(0) = 20 m/s). In this case, it will be
examined how a difference in the vehicle’s and virtual vehicle’s initial linear speed
affects the formation controller’s performance. For the same parameters as in Tables
[3.13] 3.14] the inputs in Figures [3.55] and [3.59] are supplied for two different simula-
tions, where the initial linear speed is v(0) = 10 m/s and v(0) = 15 m/s, respectively.
The main result in Figure is that when the initial linear speed of the vehicle is
15m/s, the vehicle can still track the desired position even though it is slower to settle
than in Figure [3.48] On the other hand, as the difference between the initial velocity
of the virtual vehicle and the vehicle gets bigger, the vehicle more slowly settles on
the desired position, which can be seen in Figure [3.56] Furthermore, when comparing
the errors between the described cases with different initial velocity values in Figures
[3.58 and [3.62] it can be seen that the errors in X-axis and Y-axis converge to zero
for v(0) = 15m/s and v(0) = 10m/s. Therefore, difference between initial linear
velocity values of the virtual car and vehicles in the fleet should not be too large when
the formation controller starts in order to get high performance from the formation

controller.
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Table 3.13: System Tests Case 3: Desired Positions and Initial Conditions

Taes[M]  Yaeslm]  v(0)[m/s] w(0)[°/s] X(0)[m] Y(0)[m]
1 10 10/15 0 —7 20

Table 3.14: System Tests Case 3: Controller Parameters

lin lin lin ang ang ang
k kg szn Gmax szn Gmm Gmax Kmm

1 3 027 8 1 0.7 3 10

Linear Velocity of VC
T T

w25
e
£ 20 :
>> 15 | 1 T T T
0 5 10 15 20 25 30 35
t[s]
Angular Velocity of VC
= 1 T T
=)
=0
B> A L 1 1 L L
0 5 10 15 20 25 30 35

t[s]

Lateral Acceleration of VC
T 52 pe T

X I I I I I
0 5 10 15 20 25 30 35
t[s]

Figure 3.55: Case 3: Linear Velocity, Angular Velocity and Lateral Acceleration of
Virtual Car for v(0) = 10 m/s
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Figure 3.56: Case 3: Positions of Vehicles in Global Coordinates Frame for v(0) =
10 m/s
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Figure 3.57: Case 3: Angular and Linear Reference and Velocity for v(0) = 10 m/s
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Figure 3.58: Case 3: Errors in X and Y Directions, Slip Angle, Lateral Acceleration
and Motor Traction Force for v(0) = 10 m/s
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Figure 3.59: Case 3: Linear Velocity, Angular Velocity and Lateral Acceleration of
Virtual Car for v(0) = 15m/s
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Figure 3.60: Case 3: Positions of Vehicles in Global Coordinates Frame for v(0) =
15m/s
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Figure 3.61: Case 3: Angular and Linear Reference and Velocity for v(0) = 15 m/s
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Figure 3.62: Case 3: Errors in X and Y Directions, Slip Angle, Lateral Acceleration
and Motor Traction Force for v(0) = 15m/s

3.3.24 Cased

In this case, three different vehicles with the same desired positions start from dif-
ferent positions, where the virtual vehicle is moving with no angular velocity and a
constant angular velocity. When the errors are compared in Figures [3.64] and [3.66]
it can be seen that the vehicles move to the desired position with respect to the vir-
tual vehicle’s current position with a constant rate in both cases. Therefore, it can
be concluded that the settling time is inversely proportional to the error between the

vehicle’s current position and desired position.
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Figure 3.63: Case 4: Positions of Vehicles in Global Coordinates Frame without

Angular Velocity of Virtual Vehicle
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Figure 3.64: Case 4: Errors in x and y Directions without Angular Velocity of Virtual

Vehicle
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Figure 3.65: Case 4: Positions of Vehicles in Global Coordinates Frame with Con-

stant Angular Velocity of Virtual Vehicle
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Figure 3.66: Case 4: Errors in x and y Directions with Constant Angular Velocity of

Virtual Vehicle
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CHAPTER 4

CONCLUSION

The development of autonomous vehicles (AVs) is a state-of-art study subject for the
industry and academic literature. As a special topic, formation control becomes an
important subject in order to move autonomous vehicles in harmony. In the case of
AVs being used frequently in the upcoming decades, formation control theory would

help to overcome traffic issues or to develop transportation to the next level.

In this thesis study, different methods which are leader-follower, behavior based and
virtual based approaches in literature to achieve formation control are summarized.
Each method’s advantages or disadvantages are listed. The formation controller used
in this thesis is developed using an existing virtual vehicle based method from the
literature. This method designs a nonlinear control algorithm based on a kinematic
vehicle model. The nonlinear formation controller computes the path for vehicles to
be able to track a pre-defined position with respect to the virtual vehicle traveling on
a route. In previous work, it was assumed that the kinematic model of the vehicles
can directly realize the control inputs from the formation controller, which are the
longitudinal and angular velocity of the vehicle. Nevertheless, it has to be pointed
out that, in practice, the actual vehicle dynamics have to be considered, where both
the longitudinal and the angular velocity are states of the vehicle and hence cannot be

directly controlled.

Accordingly, in this thesis, the nonlinear formation control algorithm is applied to a
more realistic model. This realistic model is based on the dynamic bicycle car model
which is a simple dynamic vehicle model used in literature. As the tire model, Pa-
jecka’s tire model is implemented. As the slip angles of the tires are supposed to

be small in the relevant driving scenarios, a linearized tire model is derived from the
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nonlinear model. Furthermore, additional practical constraints are considered for the
vehicle model. First, it is assumed that the motor traction force applied is limited
depending on the vehicle characteristics and road adhesion. Second, it is assumed
that the steering angle cannot be changed instantaneously such that the control input
for steering is the time derivative of the steering angle. Using these assumptions,
the main contribution of the thesis is the development of a control structure that uses
the longitudinal and angular velocity provided by the nonlinear formation controller
as reference signals and computes suitable acceleration and steering inputs for the
dynamic bicycle model in order to track these reference signals. To this end, two con-
trollers are tuned and implemented using gain scheduling for proportional constants.
Furthermore a simulation study is carried out. In these simulations, different cases are
tested with one vehicle in the fleet assuming all vehicles will behave similarly. In the
first case, the dynamic vehicle model is tested where linear and angular velocity of the
virtual vehicle varies in time and it is concluded that the dynamic model behaves very
similarly to the kinematic model. In the second case, it is shown that poor tuning of
the controller parameters negatively effects the convergence to the desired trajectory.
Specifically, when the velocity controller’s parameters are changed such that vehicle’s
speed can not follow the reference signal supplied from the formation controller, the
dynamic model can not follow the path of the kinematic model and the error in both
the x and y direction does not converge to zero. Hence, it can be concluded that the
performance of the velocity controller is highly important for the formation controller
to work properly. In the first two cases, the vehicle’s linear speed is the same as the
virtual leader’s. In the third case, it is tested whether the vehicle can follow its path to
the desired position or not. As the initial speed of the vehicle gets further away from
the virtual leader’s, it becomes harder for the vehicle to reach its desired position.
In the last case, the vehicle is tested with different initial positions where its desired
position is same. As the vehicle’s initial positions gets further away from the desired
position, its settling time to reach the desired position rises proportionally since the

rate of change of the errors in x and y direction is constant.

In conclusion, the nonlinear formation controller can be used for nonholonomic dy-
namic bicycle car model with well performing velocity controllers which is more

realistic than the kinematic model used to design the formation controller. In the fu-
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ture, the model can be extended implementing motor and steering models to get even
more realistic results. Furthermore, simulations can be done for different types of ve-
hicles such as trucks, nonholonomic robots on different types of roads such as rainy
or icy asphalt. The formation controller can further be tested on real nonholonomic

robots implemented with velocity controllers and compared to the simulation results.
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