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Abstract

After planning, adequate actions have to be taken. This thesis presents a control archi-
tecture for an autonomous model car to achieve a stable and accurate path following
behavior. This encompasses a steering controller to drive desired curvatures computed
by a pure pursuit algorithm. Additionally, an open-loop controller was implemented to
determine a safe speed for driving curves and stopping on the path’s end.
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1 INTRODUCTION 1

Figure 1.1: Model sized car named Able on laboratory track

1 Introduction

Small sized model cars pose similar challenges to developers as the larger equivalent.
The environment has to be sensed, a goal has to planned dependent on defined rules and
those plans have to be ultimately taken care of by a control strategy. This thesis” focus
is on presenting a simple strategy for path following designed for autonomous car-like
vehicles. The environment is in that case limited to a plain 2-dimensional workspace free
of obstacles, shifting the field of obstacle avoidance to the path planning domain.

1.1 Specification
1.1.1 Functional requirements
Follow path A planned path is to be executed on the track by setting velocity and

steering controls adequately.

Stop on path’s end Furthermore the vehicle has to stop autonomously on the end of
the path.
1.1.2 Design goals

Stability A stable controller is the primary objective in controller design. This means
particularly, that it mustn’t cause oscillations of actuators or state.
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Accuracy The controller has to be accurate in path following. Clearly this is velocity
dependent: when driving on the track with high velocity without obstacles, accuracy
has not that high priority as it is while parallel parking with considerably lower velocity.

Safety Safety can be considered at different levels. First of all, this control architecture
can not be hold responsible for avoiding harm to humans or obeying the traffic rules,
as this belongs to the path planning domain. Nevertheless, it has to be able to react to
sudden changes, like lane changing maneuvers due to late recognized obstacles, if it is
ordered to.

Thus safety can in this scope only mean, to protect the cars own existence. This results
in the requirement of a sane driving behavior with deceleration before curves that avoids
uncontrollable states caused for example by tire-slip and lateral forces. Besides, this also
implies that the vehicle is not allowed to move at all if no plan is evaluated.

Robustness Itis not guaranteed that environmental parameters like the track’s ground
or the vehicle’s mechanical configuration stay constant, hence the controller has to be
sufficiently robust to overcome moderate parameter changes.

Response time This is a real-time application that is aimed to drive with high veloci-
ties, therefore the system’s response has to be as fast as possible.

Maintenance Besides those apparent goals, maintenance issues cannot be disregarded.
As this is primarily a research project under development, modifiability of the architec-
ture mustn’t be disrespected. Due to the team’s varying members, the readability of code
has to be ensured by providing a comprehensible documentation.

1.2 Document structure

Following this introduction, the preliminaries will be presented beginning with the
underlying hardware and software platform. In search of knowledge about the vehi-
cle’s motion, a kinematic model will be introduced after taking account of its motion
constraints. The preliminaries close by demonstrating the given path representation.

Moving on to the control domain, fundamentals to controller design will be laid out
by outlining paradigms. Provided with this knowledge, the design and implementation
of the control architecture and the particular controllers will be proposed.

After an evaluation of the driving performance on a test track, results are being
discussed and future enhancements proposed.
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Figure 2.1: Model car without body

2 Preliminaries

2.1 Platform
2.1.1 Hardware

Several components are needed to build an autonomous driving car. As a detailed
description of the current hardware is presented in [4], only short descriptions of compo-
nents fundamental to the controller design are given.

Chassis The first to mention is the carbon-chassis Xray T3 Spec. 2012. The track width
Ly is given by 186 mm, the gauge L; by 263 mm. The chassis features an adjustable
steering geometry, gear differential and springing.

Steering Servo The steering servo Savox SC1251MG Digital is controlled by a PPM-
signal. Unfortunately, no feedback channel is given, thus relying deeply on the integrated
servo control to regulate the steering angle.

Engine The engine is the brushless DC motor Faulhaber 3056 012 B-K1155 which is
controlled by the Faulhaber MCBL 3006 S RS to maintain a desired velocity utilizing an
internal PID-controller with bounded acceleration. The actual integration via RS-232
interface is laid out in [20].
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Figure 2.2: Software architecture

Gyroscope There is a 9DOF inertial measurement unit integrated on the microcon-
troller board. However, only the gyroscope data is handled. [5] Unfortunately, the
measurement is subject to drift and noise which is not enough investigated at that time.

Omnidirectional camera A combination of a parabolic lens and a standard web-cam
was used to get a 360°-view. The camera has a framerate of 30Hz. The downside is, that
its reliable data is limited to distances around 3 m. To overcome this, self-localization is
utilized to plan paths with more anticipation.

Micro-controller To communicate with actuators and the IMU, the in-house-developed
micro-controller board OttoV2 is used. It is a 32bit ARM-Cortex-4 operated at a frequency
of 168 MHz.

Host computer The responsibility of the host computer is computer vision, cognition
and control. For this use an Odroid-X2 with an 1.7 GHz ARM Cortex A9 Quad Core processor
was equipped.

2.1.2 Software

BerlinUnited-Framework The underlying BerlinUnited-Framework was developed
at Berlin’s Universities Freie Universitit and Humboldt-Universitit for different robotic
projects (FUmanoids, NeuroCopter, NaoTH, BerlinUnited Racing-Team). This framework
is a blackboard architecture implemented with the classical sense-plan-act paradigm
in mind. The source code is partitioned in modules and representations. Modules
implement computing blocks and include a declaration of required and provided rep-
resentations to interface with. As cycles are prohibited in this data-flow, a recycle
declaration provides respective data from the last execution cycle.

In the current state, only one single execution chain is used which is synchronized
with the camera frame-rate and therefore every module is re-executed at 30 Hz.
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Software-Architecture Consequently the high-level software architecture can be rep-
resented as a sensor-, plan-, and control-part. Figure 2.2 illustrates the data-flow without
considering the actual communication implementation.

Sense The sensing of the environment provides a motion model by interpreting
inertial measurements, detecting obstacles and parking spots by computer vision and
eventually localizing itself on the track. [19]

Plan The behaviors are currently limited to loading static paths and forwarding
them in car-local coordinates.

Act Finally, the planned path has to be executed on the track. The design of this
subsystem is the focus of the underlying thesis.

2.2 Vehicle model

To design a well-suited control law, it is advisable to model the controlled system. This
subsection introduces a basic kinematic model after taking account of kinematic con-
straints that affect the possible motions of car-like vehicles. Finally, friction is introduced
as a limiting factor in acceleration and velocity.

2.2.1 Configuration space

A general nonlinear system with the n-dimensional state vector g(f) and the m-dimensional
control vector u(t) can be described as a differential equation

q(t) = f(q(t), u(t), ) 2.1)

In the case of a linear time-invariant system, the evolution of the system state can be
described as

q(t) = Aq(t) + Bu(t) (22)

with constant matrices A and B. [3, pp. 83] The robot’s configuration space g is
usually defined by its position and orientation with added steering angle. This simplifies
several real world phenomena. Since the vehicle is assumed to drive on a plane track,
the 3rd dimension is completely ignored which reduces the vehicles position two a
2-dimensional vector (x,y) and the orientation to a single heading angle 6. The position
is defined as the midpoint of the rear axe, the orientation 6 is the angle between the x-axis
and the heading of the car. The steering angle ¢ is defined as the heading of the front
wheels respective to 0. For the sake of simplicity, this thesis is restricted to a single-track
bicycle-model illustrated in figure 2.3, which implies that the wheels of both axes collapse
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AY

Figure 2.3: Bicycle model

on the midpoint of the respective axe. Joining this data, we get the 4-dimensional state
vector

(t)
q(t) = ﬁg (2.3)
(t

There are indeed more forces acting upon the car than taken into account for this
configuration state. Although the car indisputably has a roll velocity while turning and a
pitch velocity while accelerating, including these motions only becomes necessary if the
limits of handling characteristics have to be thoroughly analyzed. [31, pp. 335] As a pure
2-dimensional world model is assumed in this thesis, those velocities will be neglected.

2.2.2 Nonholonomic constraints

The basic assumption for the presented vehicle model is, that the wheels are in a pure
rolling state, hence neglecting lateral sliding. Although this won't be satisfied completely
in reality, we can derive adequate basic models. This assumption implies that no side
slip is allowed. By defining the Pfaffian constraint matrix C(q) with

C(q)g=0 (2.4)

these constraints can be expressed formally for a single wheel [18, pp. 180]:

X
[sinf —cos6 0] [y] =0 (2.5)
0
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This formula just holds for the rear wheel. As a bicycle has a steerable front wheel
specified by the coordinates (x¢, ys), its constraints can be expressed dependant on ¢

2
[sin(0+¢) —cos(6+¢) 0] y'f] =0 (2.6)
0

Supplied with the rigid body constraint

x X I cos 0]
[yﬂ - M * {lsin ] 2.7)

the front wheel kinematic constraint becomes by differentiation

X
[sin(6+¢) —cos(0+¢) —Icos ] [y] =0 (2.8)
0
This can be summed up in a single Pfaffian constraint matrix [18, pp. 181]:
Ox
. |sin(6+¢) —cos(0+¢) —lcos¢p 0| [v,| _
Cla)q = sin 6 — cos 6 0 o w| =Y 29)
¢

An equality constraint of this form is called nonholonomic, if C is non-integrable. The
proof applied to the vehicle model is left out but presented in [17, pp. 417] for the
interested reader. Additionally to that, the vehicle’s steering mechanism is subject to
saturation which causes inequality constraints [17, pp. 409] of the form

C(9)§<0 or C(q)g<0 (2.10)

As the steering angle is lower-bounded by

9| < Prmax (2.11)
the curvature becomes upper-bounded by
Cmin = tan(zbmux) (2.12)
b
This constraint can be rewritten as
8] < 1 (2.13)
Cimin

Given these constraints, it is questionable if the vehicle can be controlled in a way
to reach an arbitrary configuration g from any configuration go. Visually it is easy to
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Figure 2.4: Ackermann steering geometry

imagine simple maneuvers that connect both configurations. By building a Lie Algebra L
generated by the set of m vector fields this can also be proofed formally. If and only if L
has a rank of m, this means L has maximal dimension, the robot is fully controllable. This
is only the case for a car-like robot without upper-bounded curvature constraint. Apart
from that, the system under design would be fully controllable, but is in fact not. As this
is more of interest in the path planning domain, the derivation and exemplification is
omitted and the reader is referred to [17, pp. 420] [18, pp. 183]. Anyway, the conclusion
is that effective path planning methods are required to reach any configuration.

2.2.3 Steering model

As the used vehicle has two steerable front wheels, the orientation of those wheels has to
be determined by the turning point C to hold the pure rolling assumption while turning.
Figure 2.4 illustrates that while turning around C, the radius of the inner and outer
wheels have to be in a certain relationship, as a wheel can only be in a pure rolling state
if its heading is perpendicular to the vector pointing to C. This concludes in following
relationship between the inside angle ¢; and the outside angle ¢,

L
cot g — cot P; = L—“’ (2.14)
)
This steering geometry is usually called Ackermann steering. This simple relation
between the motion of the vehicle and its steering angle holds at low speeds. [31, pp.
336] Nevertheless, a single-track model with a single steering angle ¢ was chosen due to
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simplicity. A mapping from single-track steering angle to double-track steering angle is
layed out in [6, pp. 64].
2.2.4 Kinematic model

The issue of a kinematic model is to determine the motion of a body without taking
account of the forces that act on it. Therefore, an expression for 4 is needed. Derived
from the kinematic constraints, the translational velocities are defined as

vy = Vcos O (2.15)

vy = Vsint (2.16)

with V being the summed velocity of the rear axe.

Assuming that the vehicle follows an arc-shaped path, its rotation is described by
w =y imne (2.18)
Ly

By neglecting slip angles, the rear axe’s velocity is approximated as the summed
velocity V. The kinematic model can be stated dependant on its control inputs [6, p. 62]

vx(t) cos 0 0
o= [ - 122 8l
¢(t) 0 1

There is a singularity at ¢ = 3=71/2, but as the steering angle is upper-bounded to a
degree less than 71/2, that singularity becomes in our case less important. [18, pp. 181]

2.2.5 Friction

As our model depends on the assumption that no tire slip takes place, a maximum speed
for certain curvatures has to be considered. [26, pp. 10] presents the physical foundations.
A single tire’s maximum acceleration is bounded by it’s friction coefficient y <1

Amax = U8 (2.20)

where ¢ is the approximately constant gravitational acceleration. The maximum

velocity v to drive a given curvature ¢ safely is gained by combining the definition of the
centrifugal force

Z)2
&zmw=m7 (2.21)
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Figure 2.5: Exemplary path

with equation (2.20) to bound the centrifugal acceleration

v=gr=/E2 (2.22)

As the maximum friction does not bound longitudinal and lateral acceleration sepa-
rately, both characteristics have to be summed up to get a correct bounded acceleration

Aax = \/(y g)% — (v2¢) (2.23)

This defines a circle called the Kamm’s circle that separates states with sufficient friction
inside the circle, from states outside the circle where the applied force is greater than the
maximum friction Fr = pmg.

2.3 Path

This chapter presents the path and which of its parameters are taken into account.

2.3.1 Representation

The path is represented as a list of points in body frame coordinates. This simple
representation suffices if it is smooth and dense enough, otherwise it will likely introduce
errors.

2.3.2 Parameters

The control perspective takes following parameters into account:

Projected path-point The point on the path, which is closest to a given world coordi-
nate.

Distance By taking the magnitude of the vector between the considered coordinates
and the resultant projected path-point, the distance to the path can easily be acquired.
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Path point after distance As it is reasonable to drive with anticipation, not just the
closest path point is of interest, but also subsequent points in a certain distance.

Curvature As a single line segment doesn’t define a curvature, the circumference of a
triangle is computed. The triangle is defined by the path point of interest and both its
neighboring path points.

Distance between two path points To determine in what distance the vehicle has to
stop, it is essential to know the distance between two path points.
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Figure 3.1: Schematic open-loop and closed-loop system

3 Controller

3.1 Paradigms and Terminology

The purpose of a controller is to regulate the output y(t) of a underlying system, usually
called the plant. In this application the plant is the model sized vehicle. Given the
reference r(t), a control law for the plant’s control input u(#) has to be defined to let
e(t) = r(t) — y(t) eventually go to zero.

3.1.1 Open-loop and closed-loop control

A simple guess to achieve a goal set by the reference is to define a function of r(t). This
function f : r(t) — u(t) can be obtained by a model that maps the reference to the
controller output. This doesn’t take the actual measured state into account and thus
requires a valid plant model. Therefore this approach is very sensitive to changes in
plant configuration, as small changes can have drastic effects. [3, pp. 75] Apart from this,
it is unlikely to model all possible disturbances that could occur. Assuming a simple
constant gain, this renders following control law just depending on the reference :

u(t) = Ke r(t) (3.1)

Taking account of the control error e(t), a more robust controller can be rendered
without exact model knowledge which is driven entirely by error. [15, pp. 63] As the
system output is fed back into the controller, a circle in data flow is created, thus calling
this approach closed-loop control. It’s simplest form is a proportional gain controller:

u(t) = Ke(r(t) —y(t)) = Ke e(t) (32)

The drawback is, that using feedback as a control input produces potentially unstable
systems, which is not the case in open-loop controllers. [3, pp. 75]
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Figure 3.2: Control data-flow diagram

3.1.2 PID controller

A simple proportional gain won't suffice if the system is of higher order. This is the case
if the effects of inertia or friction in a dynamic system are included. Taking the integral
and difference of the error gives the advantage of taking these disturbances of higher
order at least approximately into account. [3, pp. 78]

u(t) = Kpe(t) + K, /0 T e(t)dt + Kpe(t) (33)

3.1.3 Adaptive control

The previous sections proposed time invariant control laws due to their constant param-
eter K.. Dependent on the system’s current state, control laws can be specified to adjust
controller gains considering various operation points.

The main approach in adaptive control called model reference adaptive control, im-
plements an adjustment mechanism that computes the error between the underlying
reference model and the actual system input to determine control parameters. [16, pp.
313] [3, pp- 89]

3.2 Design

Starting with recalling the most important subsystems the controller interfaces with,
there are two actuators, namely an engine and a steering servo, which control v and ¢
respectively. This implies the control output vector

=[5

The sensors output information about v given from engine control, w from the
gyroscope and pose p is computed by localization. As neither translational velocity nor
the set steering angle is interpreted, just the constricted state 4, is available.
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px(t)

q(t) = pgy((tt)) (3.5)
¢(t) |

gr(t) = {Z((tt)) (3.6)

The underlying assumption with both equations is, that v and ¢ are set instanta-
neously. The planning stage releases DrivingCommands, that define the reference

path(t)
r(t) = [ s(t) ] (3.7)

Uref (t)

Assuming that velocity and rotation can be handled separately at this stage of control,
they will be handled individually. Two modules are employed to handle rotation:
a SteeringController, that is responsible for holding a desired curvature c(t), and a
PathFollower, that employs the pure pursuit algorithm to determine curvatures to follow
the reference path.

Therefore the speeds have to be chosen wisely to have negligibly small slip angles.
The main purpose of the SpeedPlanner is to set velocities that guarantee to hold this
precondition. As the engine controller already takes care of limiting acceleration and
maintaining a desired velocity, there is just one module required that takes care of
determining this velocity. This includes a position controller for s(f) and a maximum
curvature velocity calculator respectively.

3.2.1 PathFollower

The path follower is responsible to compute a turning curvature to stay on a desired path.
The basic principles of the taken approach called pure pursuit control are depicted in [7].
This is a geometric approach that takes a certain point G on the path and calculates an
arc which has the midpoint of the rear axe as a tangent and passes through G.

The basic steps of the algorithm are given by

1. Find the path point closest to the vehicle.
2. Find the goal point a lookahead distance away.
3. Transform the goal point to vehicle coordinates.

4. Calculate the curvature and request the vehicle to set the steering to that curvature.

As the path is given in the vehicle’s body frame, the configuration is assumed as
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x(t) 0m
o-[f]-

Find goal point The goal point is defined by its coordinates

X (t)]
G(t)=1"¢ 3.9
(1) [J/g(t) 59

The parameter / > 0 defines the distance between the vehicle’s position and the goal
point, also called the lookahead distance. It is assumed, that / is a time invariant constant.

Gy, =1 (3.10)

With this constraint, the goal point is chosen by projecting the vehicle’s position on
the path and returning the first path point in distance /.

Calculating the curvature Given the goal point G in body frame coordinates, a geo-
metric method can be applied to get an arc that is passing the goal point G and the rear
axe tangent to its centerline. [7, p. 11] Figure 3.3 depicts following equations. C is the
center of the arc and as the arc is tangent to the vehicle on the rear axe, C lies on the
y-axis with coordinates (0, r).
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curvature

distance y-offset

Figure 3.4: Curvature calculation

yg+d=r (3.11)
r, Yg and d span a right-angled triangle.

x§ +d* =12 (3.12)

Combining equations 3.10, 3.11 and 3.12, simple algebra transformations yield the
arc-radius r.

= xé +(r— yg)z = x§ +7r2 4+ yé — 2ryq (3.13)
x2 + 2 2

B/ (3.14)
2y¢ 2y

Taking the reciprocal of r gains the sought curvature [1, pp. 22]

_2¥

== (3.15)

Assuming a constant lookahead distance, the curvature is just dependant on y¢. Thus
the error and the control law is defined by

epp(t) = yg(t) (3.16)

u(t) = 2e;;_§(t) (3.17)
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To define a transfer function G,, for the pure pursuit algorithm, u(t) has to be
transformed into the frequency domain. This can be achieved with a Laplace or Fourier
transformation, although this thesis” analysis will be restricted to Laplace transformation.
The following transformations assume time-independent constant distance /.

[e) 2 [e)
U(s) = L{u(t)} :/0 e"}—g(t)e‘”dt = 132/0 epp(t) e Stdt = Z3215,[,,7@) (3.18)

Thus, the transfer function is given simply by

_u@s) 2
=~ (3.19)

This represents a proportional gain controller with the adjustable parameter /.

Gpp(s)

3.2.2 SteeringController

This module’s purpose is to maintain a desired curvature by setting an appropriate
steering angle ¢. Although this task is velocity dependant, a constant velocity v # 0
is assumed. There are two approaches employed: using a bilinear map out of actual
curvature measurements and using a reactive PID-controller which gets its feedback
from the motion model. In its current implementation, the weight of each approach is
determined by a constant gain.

The reference is calculated by the PathSteeringController and is defined by the desired
curvature c.

Model driven control By manual measuring the actual radii of driven curves with a
tixed steering angle and velocity, a point wise mapping was built. The measurements
were taken for the velocities 1.0%, 1.5%, 2.0%, 3.0% and steering angles 20°, 15°, 10°,
7.5°,5° and 4°. For the implementation of the model, a simple mapping with a poly-
line-function was used, as it is quite simple and insures a monotonically increasing
function.

This results in four functions f o(c), f1.5(c), f2.0(c), f3.0(c), one for each velocity. As
most of the time the actual velocity isn’t exactly the one associated to the respective
function, a linear function between inner and outer boundary was employed. This
renders the bilinear map f (v, c¢) illustrated in figure 3.5.

Reactive control As this control task is very prone to the mechanical configuration
and other changes in environment, an additional closed-loop control system was taken
as a basis to render a more robust controller.

c(t) = (3.20)
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Figure 3.5: Steering map

As the curvature is proportional to the rotational velocity, w(t) can be used as a
reference input

r(t) = wWpef(t) = v e(t) (3.21)
which is useful, as this is provided by the motion model
0 0f.
) =) = [0 a0 622)
The rotational velocity error can be defined by
ec(t) =r(t) —y(t) (3.23)
Including the control output
u(t) = ¢(t) (324)

a closed-loop proportional gain control law can be stated as

u(t) = Kpec(t) = Kp (r(t) — y(t)) (3.25)

which can be expanded to a PID controller

u(t) = Kpee(t) + K; /0 ()t + Kp %ec(t) (3.26)
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The Laplace-transformed output is obtained by

U(s) = L{u(t)} = /OOO(KP ec(f) + K; /Ot ec(t)dt + Kp %ec(t)) et dt (3.27)

which can be expressed in relation to the Laplace-transformed E.(s)

U(s) = (Kp+ % + Kps) Ec(s) (3.28)

The curvature-control transfer function can then be defined by

Ki
—~ =Kp+—+K 3.29
E() K + - +Kps (3.29)
Tuning of the parameters was done with the Ziegler-Nichols method [28, pp. 243].
The p-gain Kk,;; that introduces constant oscillation is given by Kg,;; = 2.5. After some
additional manual tuning involving dropping the differential part as it was prone to
input noise and lowering the integral part to prevent oscillations these parameters were

identified:
Kp 1.2
K; | = 10.008 (3.30)

Gpip(s) =

Kp 0.0

The integral was limited to 2.0 to prevent integral windup.

3.2.3 SpeedPlanner

The SpeedPlanner is responsible for setting a speed that is safe enough to drive on the
given path. Furthermore it stops on the path’s end.

The approach is based on open-loop control utilizing two functions: a velocity vsop
to derive a speed to stop in a certain distance, and a velocity v, to get a safe speed
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to drive a desired curvature. Additionally there is an input velocity v, which is the
desired velocity by the path planner. Evidently the minimum of the computed speeds
will be forwarded down to the actuator controllers. Thus its output is determined by

u(t) = min{vstop(s), Veurv(C), Vdesired } (3.31)

Stop velocity As mentioned in [15, p.131], itis advised to take just the forward distance
to a stopping point in account and not the vector-magnitude, because if the car has a bit
of an y-offset to the goal, it won’t be able to decrease the distance to zero and therefore
generate possibly unstable behavior.

Assuming constant acceleration, the velocity vst,p to stop in distance s is defined by:

As noted in [12, pp. 16], it is also possible to have other than constant deceleration.
As this is a model car and therefore the comfort doesn’t have as a high priority as in
passenger cars, this was omitted.

Curvature velocity Given the friction coefficient and the highest curvature in a certain
range, Ucyrpe Can be computed by

Deurve = ”C—g (3.33)
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4 Evaluation

This section is dedicated to the performance evaluation of the mentioned control ap-
proaches. It is divided into two parts, one reviews the circle stability of the steering
controller, and the other evaluates the path follower for stability and cornering behavior.

The tests were executed on a laboratory track of 4x6 m? using motion and localization
input and control output for displaying the results. Looking at the respective figures,
there are notable jumps in the tracked pose that are caused by small localization errors
and do not represent the vehicle behavior in reality.

4.1 Circle stability

To check the stability of driving a circle, a simple testing method was employed: the
vehicle is set to a constant speed of 17 and after one second of driving straight forward,
it is commanded to drive a left curvature of 1. This results in a goal rotational velocity
of 1 %.

The two proposed methods are evaluated separately, using the open-loop steering
model gained from manual measurements and using the PID controller with input from
the measured motion.
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Figure 4.1: Driving a circle with steering model
(a) Tracked pose (b) set steering angle (c) measured rotational velocity
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Figure 4.2: Driving a circle with PID-controller
(a) Tracked pose (b) set steering angle (c) measured rotational velocity

4.1.1 Steering model

Figure 4.1 illustrates the controllers performance. As this is a pure open-loop controller,
it is dependant just on the reference and as the curvature stays constant after a step input,
the output steering angle stays constant as well. Thus bounded-input bounded-output
stability can be argued to be true.

4.1.2 PID controller

Figure 4.2 illustrates the PID controllers performance. Stability is more of an issue in this
closed-loop controller. Although the measured input is inaccurate, the steering output is
robust enough to overcome this difficulty. However, an overshoot and a slight oscillation
can be registered with the used parameters.

4.2 Path following

To study the performance of the controller, a simple static path on the laboratory track
was set as the desired path which is represented by the green line in respective figures.
The laboratory track’s size is given by 4x6 meters.

The evaluation goal is to follow the given path and decelerate before curves and
finally stop on the last given path point.
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Figure 4.6: Measured and set velocity while path following

The path was followed with three different lookahead distances 0.4m, 0.55m and
0.7m. 0.4m lead to instability during the first long straight. 0.7m had shortcomings in
cornering performance. This is especially notable in the s-curve. A lookahead distance of
0.55m rendered best results.

Figure 4.6 depicts the set velocity and the measured velocity with 1=0.55m. The vehicle
drove up to 2.85m /s on the straight before alternately decelerating and accelerating on
the given curves. Finally it decelerated to Om/s.
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5 Discussion

After proposing several possible enhancements for multiple subsystems which stand in
relation with the presented path following solution, this section closes with a conclusion.

System modeling This thesis assumes a simple kinematic model, nevertheless there
exist other more sophisticated models with fewer assumptions. The main problem with
the presented model is, that it neglects tire slip and therefore probably decreases the
controller’s performance. Dynamic models instead, take the cornering stiffness and tire
slip angles [31, pp. 340] [10, pp. 198] as well as roll dynamics [8] into account. Apart
from that, also the actuators can be modeled to predict future states and render more
stable results [12]. This improvement comes often with a cost of more powerful sensor
information like an additional lateral displacement sensor in [14]. Using a kalman filter,
it is also possible to learn a model from sensor data [27]. Besides, reinforcement learning
can be utilized with Neural Fitted Q Iteration [25] [23].

Path representation Due to the simplicity of the used path representation, naturally
some limitations are implied. It is not guaranteed that the car can even drive on the de-
sired path, as no guard exists. As the car won’t be able to follow curvatures exceeding its
mechanical constraints, the path needs a boundary on the maximum allowed curvature.
Furthermore, a safe driving behavior can only be achieved if the path is also continuous
in its curvature. This is due to the fact, that the car cannot instantaneously change its
steering angle and therefore its rotation.

Among others, there exist two approaches to generate continuously differentiable
curves. As shown in [9][11] a path can be constructed out of line segments, circular arcs
and clothoids (these are curves with a linear change in curvature). This is basically an
enhanced versions of the Reeds-Shepp-path [29]. In contrary to joining segments, a single
continuously differentiable function can be utilized. A common method is using cubic
spline paths, which are piece-wise polynomial functions with continuous derivatives, as
presented in [13][22].

Instead of representing just a 2-dimensional path, a trajectory can be planned and
subsequently used by the controller. As actions like light control also have to be timed,
those can be annotated on that trajectory [30].

Path following A possible improvement as pointed out in [6, pp. 92] would be, to take
the current splip angle into account when calculating the arc. This effectively renders a
PD controller as shown analytically in [21, pp. 4].

Another enhancement could be to add an orientation controller, as the algorithm
implicitly assumes that by following the path, the vehicle’s orientation will stay similar
to the path’s orientation.

Taking an adaptive control approach to regulate the lookahead distance could enhance
performance. There are several parameters conceivable: taking the maximum curvature
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on the path to define lookahead distances to improve cornering behavior, taking the target
velocity as a gaining factor or taking the lateral path error to achieve better performance
when the vehicle is far off the path. [24, pp. 59]

Nevertheless, if using the pure pursuit approach, the path planner should be designed
to plan paths nearby the vehicle.

Steering control The most noticeable drawback with the proposed steering controller
is, that it is based on several manual measurements for system identification. Small
changes in mechanical configuration will eventually render the made measurements
useless.

Apart from this, a better way to gain parameters, especially those of the PID chain
and the model chain has to be implemented by using adaptive control techniques. A
suitable way would be to use the steering model as a reference to determine the weight
of steering model against PID control.

Furthermore, taking account of system delay [2] and disturbances [3, pp. 92]

Speed planning The acceleration can be made smoother by implementing an accel-
eration function which uses the distance to determine the critical curvature. The speed
planner unfortunately does not take account of required translational acceleration on the
path. A proper back-tracking method is presented in [12, pp. 16].

Conclusion

A simple but effective control architecture for path following tasks with nonholonomic
vehicles was proposed and evaluated. Apart from little shortcomings in cornering
behavior, the employed pure pursuit algorithm rendered stable results with just one
adjustable parameter.
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