
Department of Cognitive Robotics

Comfort oriented nonlinear
model predictive control
For autonomous vehicles

Quirinus Wilhelmus Adrianus
van der Slot

M
as
te
ro

fS
cie

nc
e
Th

es
is





Comfort oriented nonlinear model
predictive control

For autonomous vehicles

Master of Science Thesis

Quirinus Wilhelmus Adrianus van der Slot

4240928

April 16, 2020

Faculty of Mechanical, Maritime and Materials Engineering (3mE) · Delft University of
Technology



Copyright c©
All rights reserved.



Delft University of Technology
Department of Cognitive Robotics

The undersigned hereby certify that they have read and recommend to the Faculty of
Mechanical, Maritime and Materials Engineering (3mE) for acceptance a thesis

entitled
Comfort oriented nonlinear model predictive control

by
Quirinus Wilhelmus Adrianus van der Slot

in partial fulfillment of the requirements for the degree of
Master of Science Mechanical Engineering.

Dated: April 16, 2020

Supervisors:
Dr. L. Ferranti

Dr. ir. R. Happee

Readers:
Dr. B. Shyrokau

Ir. Y. Zheng





Abstract

To promote automation in vehicles, autonomous driving should feel comfortable. To
achieve low discomfort, a comfort oriented nonlinear model predictive controller is
created.
We know humans are sensitive for discomfort in certain frequencies in acceleration. By
penalizing the frequencies for discomfort a higher comfort performance can be achieved.
Two band pass filters are created to penalise the frequencies. A band pass filter (0.03-
0.2 Hz) for the frequency of motion sickness and a band pass filter (1-2 Hz) for general
discomfort. Due to the MPC framework the filters can be implemented on the predicted
accelerations. The filtered accelerations are penalised within the MPC.
The MPC is made for path following control. To test the MPC a reference generator
is built. The reference generator creates reference signals about the path ahead for
the controller. To test the performance of the filters, tests are done with different con-
trollers. In the different controllers the filters are penalised individually and together
and compared against other controllers. The controllers are tested on multiple scenar-
ios (e.g. double lane change and a sinusoidal trajectory). On the scenarios multiple
disturbances are tested (e.g. wind disturbance and sensor noise).
We conclude that the MPC design that relies on the motion sickness filter has a signif-
icant decrease of motion sickness in scenarios where a lot of motion sickness is present,
with improvements up to 30.7% compared to the basic controller. The MPC design
that relies on the general discomfort filter helps bring the general discomfort down. On
the double lane change maneuver with a changing velocity the general discomfort filter
has improvements up to 10.7% compared to the basic controller.
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Chapter 1

Introduction

The advent of new technologies (such as lane keeping assist [5] and even some autopi-
lot functions [6]) are raising the level of automation in the vehicle. SAE (Society of
Automotive Engineers) created standard for automation in vehicles where the level of
automation can be distinguished, see Table 1-2. The market is now at SAE level 2 [7].
In level three the driver can start doing side activities. In the higher levels the driver
can become the passenger in the vehicle. The change from being a driver to becoming
a passenger can lead to an increase in car sickness [8, 9]. The increase in car sickness
can have a negative effect in user acceptance for automated vehicles [8]. To promote
automation in vehicles, the level of comfort should be high.
An example for why comfort is important: A survey was done on 3256 coach travellers,
28.4% of the passengers reported that they were feeling ill [10]. Even though coach
travel is different than a normal passenger vehicle, a lot of people experienced motion
sickness. Therefore, researching a controller which maximizes comfort can help a lot of
people. In order to maximize comfort an understanding must be made of what leads
to discomfort.

1-1 Comfort

In vehicles the discomfort can come from accelerations, yaw, roll and pitch. Assuming
in the future the roll and pitch can be countered with active suspension these terms
are not taken into consideration. The influence that yaw rate has on comfort is small
compared to the accelerations [11]. The vertical motion is not taken into consideration,
to improve comfort the focus is only on the horizontal accelerations.
The ISO (International Organization for Standardization) created a standardized norm
for comfort. Comfort consists of two parts: motion sickness and general discomfort.
The frequencies for comfort are 0.1-0.5 Hertz for motion sickness (ISO 2631, [12]) and
for general discomfort 0.5-80 Hertz (ISO 2631, [12]). The ISO norm for motion sickness
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is made for vertical acceleration, the vertical acceleration is not taken into consideration
[13]. Therefore, the ISO norm can not be implemented for motion sickness. For general
discomfort the ISO filter can be applied for the horizontal accelerations [13].
To create an indicator for motion sickness another weighting method is selected. The
new weighting curve for motion sickness is described in paper [14]. For longitudinal
acceleration is chosen to have the same weighting curve as for lateral acceleration for
motion sickness. In Figure 1-1 the weighting curves are given, for general discomfort
the ISO norm and for motion sickness the weighting method described in the paper
[14].
Since both general discomfort and motion sickness can come from longitudinal and
lateral acceleration, the overall acceleration is used:

aw =
√
a2
y,filtered + a2

x,filtered (1-1)

Figure 1-1: Weighting curves

1-2 Comfort research

Comfort can be considered in the path planner and in the controller. To achieve
higher comfort in the path planner the lateral and longitudinal accelerations can be
constrained. The lateral acceleration in a curvature is depended on the velocity, see
Equation 1-2 [15, 16, 17], with the meaning of the symbols given in Table 1-1.

al = dθ

dt
v = κ · v2 = 1

ρ
v2 (1-2)
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1-3 Objectives 3

Table 1-1: Velocity profile

Symbols Meaning
al Lateral acceleration
θ Vehicle orientation
ρ Curvature radius
v Longitudinal velocity
κ Curvature

To stay within the constrained lateral acceleration the vehicle’s velocity can be adjusted
[18, 15]. The overall acceleration, which influences comfort, depends on both lateral
and longitudinal accelerations. To keep the overall acceleration low the vehicle should
brake before the corner.

Instead of adjusting the velocity to the path, both velocity and path can be planned
within one optimization algorithm. In paper [19] a MPC path planner plans both lateral
and longitudinal control. The MPC path planner reduces the velocity before entering
a corner to not exceed 0.5 g. On the steering angle a soft constraint is implemented
based on the maximum allowed lateral acceleration. More methods for path planning
are available, there are planners which penalises the jerk and acceleration to increase
comfort [20].

Instead of in the path planner comfort can be addressed in the controller. By imple-
menting comfort in the controller, the controller can achieve high comfort even when
the vehicle behaves differently than expected, for example due to disturbances. Similar
to path planning the controller can constrain the accelerations and jerk [21]. Instead
of constraining the accelerations and jerk a penalty could be given to achieve more
comfort [22]. By giving a penalty to the accelerations and jerk they are minimized
at all values, high and low, creating more comfort. In order to maximize comfort the
frequencies for discomfort should be minimized. Therefore, the proposed method fil-
ters the accelerations for the frequencies of motion sickness and general discomfort and
penalises the filtered accelerations within the controller.

1-3 Objectives

The focus of the project is creating a lateral and longitudinal path following controller
that increases comfort. The increase in comfort is made by decreasing the overall
acceleration in the frequencies of motion sickness and general discomfort. The goal is
to create a controller that could be implemented in a real vehicle. To implement the
controller in a real vehicle safety is important. The vehicle should have low lateral
deviations. If the lateral deviations are high the vehicle could leave the designated
lane and causes accidents. The controller performance is tested on safety, comfort and
solving time. In order to test the vehicle the following problems are addressed:
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• Built a reference generator for the controller

• Create multiple trajectories and disturbances to test the controller

• Create a comfort oriented nonlinear model predictive controller

• Create an evaluation method for comfort

• Evaluated the proposed method of penalising discomfort by using filters

Table 1-2: The SAE levels of automation [4].

Monitoring of Level of Description
driving automation
environment
Human driver 0: Driver only The human driver performs all aspects of the dynamic

driving task
Human driver 1: Assisted A driver assistance system performs either steering or

automation acceleration/deceleration, while the human driver is
expected to carry out the remaining aspects of the
dynamic driving task

Human driver 2: Partial One or more driver assistance systems perform both
automation steering and acceleration/deceleration, while the human

driver is expected to carry out all remaining aspects of
the dynamic driving task

Automated 3: Conditional An automated driving system performs all aspects of
driving system automation the dynamic driving task (in conditions for which it

was designed), but the human driver is expected to
respond appropriately to a request to intervene

Automated 4: High An automated driving system performs all aspects
driving system automation of the dynamic driving task (in conditions for which it

was designed), even if the human driver does not
respond appropriately to a request to intervene

Automated 5: Full An automated driving system performs all aspects
driving system automation of the dynamic driving task under all roadway and

environmental conditions
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Chapter 2

Overview project

An autonomous vehicle consists of multiple components. Figure 2-1 presents a schematic
overview of the simplified control architecture of the project. In order to understand
how the controller works, a general understanding of the reference generator, controller
and plant is needed.

In a autonomous vehicle, the path is generated by the reference generator. The reference
generator creates the signals for the controller to follow. The controller gives commands
to the vehicle, the commands could be throttle/brake and/or steering angle. The
controller is made to follow the reference signals without creating large errors and high
discomfort. In this chapter a general understanding of the blocks reference generator,
controller and plant is made. In Chapter 3 the inner workings of the controller is
described more in depth.

Figure 2-1: Schematic model of the automated vehicle

2-1 Controller

The controller creates commands for comfortable path-following control. The com-
mands, given to the plant, should make the plant follow the reference signals safely while
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6 Overview project

minimizing discomfort. The commands for the plant are throttle/brake and steering an-
gle. There are multiple ways to create the commands, Proportional-integral-derivative
control (PID), Discrete linear quadratic regulator (LQR) and Model predictive control
(MPC) could be used. A PID controller can handle one in- and output, even though
both outputs, throttle/brake and steering angle, have influences on comfort. LQR and
MPC can handle multiple in- and outputs.
The differences between LQR and MPC controller are described in paper [23]. The
LQR bases the output on a feedback law, which places weights on the states and
control input. While MPC uses an optimization problem to create the lowest cost over
the whole time horizon. The advantages of the optimization problem instead of the
feedback law is that the controller can react on future changes. A simple example could
be braking before a corner. In MPC boundaries can be implemented. The choice is
made to work with MPC for the project to achieve the highest comfort.

2-1-1 Model predictive control (MPC)

Model predictive control, as the name says, uses a model to predict the future states.
The predicted states can be influenced by the control, in our case the steering angle and
throttle/brake. For example, if the controller gives the throttle command the state for
the predicted velocity will increase. How far the controller predicts is a design choice
called the prediction horizon.
The predicted states and the reference signals are implemented in a cost function. The
cost function is minimised by an optimization algorithm. To give an indication on how
MPC works an example is given below [24], with the cost function being (2-1). The
algorithm chooses the control values which minimizes the cost function and gives the
first control output to the plant (vehicle). This process is repeated every time step.

min
u

N−1∑
k=0

J

J = (x̃TkQx̃+4uTkR4 uk) + xTNQxN

(2-1)

s.t. : xk+1 = f(xk, uk) k = 0, ..., N − 1 (2-2)
uk+1 = uk +4uk k = 0, ..., N − 1 (2-3)

uk ∈ [ū, u] (2-4)
xk ∈ [x̄, x] (2-5)

x0 = xcurrent (2-6)
u = [u0, . . . , uN−1] (2-7)

The solution must be found within in the boundaries of the constraints (Equations (2-2),
(2-3), (2-4), (2-6)). To predict the future states a model is used, see Equation (2-2).
The control is given in Equation (2-3), the optimization algorithm uses the control as
argument to minimize the cost function. The boundaries are given in Equations (2-4)
and (2-5). The initial condition of the states are determined in Equation (2-6).
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2-2 Reference generator 7

2-2 Reference generator

The reference generator creates signals about the path ahead for the controller to follow.
A trajectory is made offline and uploaded to the reference generator. The reference
generator will create signals based on the vehicles position to follow the trajectory.
The reference signals are made for path following and are based on the middle of the
lane. The reference generator has no extra functions than path following. For example,
functions such as collision avoidance is not taken into consideration in the project.

2-2-1 Reference path

To create signals of the path ahead, the future position of the vehicle is calculated. The
future position is based on the vehicle driving straight ahead from the current position
(k = 0). The future position of the vehicle is compared to the trajectory to define the
reference signals. The future position of the vehicle is calculated as followed, with the
symbols explained in Table 2-1:[

Xk+i
Yk+i

]
=
[
Xk
Yk

]
+
[
cos(ψ)
sin(ψ)

]
uTsi (2-8)

Table 2-1: Future position prediction

Symbols Meaning
Xk+i Future world x coordinate
Yk+i Future world y coordinate
Xk Current world x coordinate
Yk Current world y coordinate
ψ Angle vehicle in world coordinates
u Longitudinal velocity
Ts Time sample

With the future position of the vehicle known the closest point to the path can be
calculated. The path consits of points which contain information, see the red points on
Figure 2-2. The information in the points are the position (x and y coordinates), the
angle of the path and the velocity. The distance from the future vehicle to the nearest
point of the path is calculated with the euclidean distance, see Equation (2-9) [25].

min(
√

(Xpath −Xk+i)2 + (Ypath − Yk+i)2) (2-9)

Three points are taken to calculate the reference signals, the nearest point and the
point before and after, see the red points on Figure 2-2. The points are translated to
the future vehicle coordinate system, see the following equation [26]:[

Xnew
Ynew

]
=
[
cos(ψ) − sin(ψ)
sin(ψ) cos(ψ)

] [
Xpath,j −Xk+i
Ypath,j − Yk+i

]
for j = 1, 2, 3 (2-10)
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The lateral (y) error is defined as the error between the vehicles position and the closest
point on the trajectory. The lateral error is based on the method in paper [27]. By
choosing the closest point on the trajectory the lateral error stand perpendicular on
the trajectory instead of the vehicle. The method is chosen due to always finding a
solution. When the lateral error start 90 degrees from the vehicle there is not always a
solution, see dotted line in Figure 2-3.
To find the closest point on the line a function is made, see Equations (2-11) and (2-12)
[28]. The starting point of the lateral error can be on two lines, the first line is the line
before the nearest point, the second after the nearest point. Therefore the calculation
is done for both lines. The shortest distance will be taken as the lateral error.

Pveh =
[
x0
y0

]
, P1 =

[
x1
y1

]
, P2 =

[
x2
y2

]
(2-11)

|Yerror| =
|(y2 − y1)x0 − (x2 − x1)y0 + x2y1 − y2x1|√

(y2 − y1)2 + (x2 − x1)2
(2-12)

The sign of the distance is still unknown since the vehicle can be on both sides of the
line. The calculation of the sign for the y error is done by calculating the angle between
the points and the vehicle. To calculate the other signals (ψ and velocity) interpolation
between the points of the path is used. The starting position of the lateral error on the
line is used for interpolation.

Figure 2-2: Reference signal example

2-3 Vehicle simulator

The simulations are done in Simulink [29]. To simulate the vehicle (plant) the same
vehicle simulation model is used as in paper [30] and described accordingly. The plant
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2-3 Vehicle simulator 9

Figure 2-3: Reference controller

consists of 9 degrees of freedom which comes from translational motion (longitudinal,
lateral and vertical), rotational motion (yaw, roll and pitch) and the suspension. To
model the tire behaviour the Delft-tire 6.2 [31] with Magic Formula steady-state slip
model is implemented. The tire model describes the nonlinear slip forces and moments.
The relaxation behavior in the tires is implemented by empirical relations for the re-
laxation lengths. The steering of the plant has simplified dynamics. The steering is
implemented with a transfer-function and time delay including the Ackerman geometry.
The model is developed and therefore depended on MATLAB and SimMechanics (Now
known as Simscape Multibody) [3, 32]. The vehicle model represent a Toyota Prius of
the thrid generation. A simplified version of the test setup is shown in Figure 2-4.
The controller uses three control signals to control the plant. The control signals are
used for steering and throttle/brake. The control signal for steering (δ) is based on
the angle of the steering wheel [rad]. The control signals for throttle/brake (cx,f and
cx,r) are based on the force the wheels apply to the road [N]. The throttle/brake signals
are converted to torque in the plant [Nm]. The rear wheels can only brake due to
the Toyota Prius being a front wheel driven vehicle. The plant is not equipped with
modern technology such as anti-lock braking system or electronic stability control. The
trajectories driven are all in the 2D plane (horizontal), in the real world the vehicle
moves horizontal and vertical.
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10 Overview project

Figure 2-4: Simplified version of test setup
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Chapter 3

Controller

The comfort oriented nonlinear MPC consists of multiple parts, that are, (i) cost func-
tion, (ii) model, and (iii) boundary conditions. The model creates predictions about
the future states. The predicted states can be used in the cost function to track com-
fortable the reference signals. The predicted states can be bound in the MPC. These
components will be detailed in this chapter.

Figure 3-1: Schematic model of the automated vehicle, controller

3-1 Model

The model consists of two parts, the tire model and the vehicle model. The tire model
describes the forces that come from the road tire contact. The vehicle model is used to
simulate the influences of the control input, the steering angle and throttle/brake. See
Appendix A-1 for the complete vehicle model.

3-1-1 Tire model

There are multiple models for describing the tire force. The tire behaviour is plotted
in Figure 3-2, as can be seen is that the tire force acts linear until a certain force/side
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slip angle is reached. After reaching the maximum of the linear force, the tire force
becomes nonlinear. A model can be chosen to describe only the linear part or both
parts, linear and nonlinear tire forces.
A model that describes both linear and nonlinear tire forces will be more complex. If
the controller works well the nonlinear part of the tire forces is not reached, since the
accelerations are kept low, and a linear tire model will be sufficient. The choice is made
to work with a linear tire model. The linear tire model is given in the equations below,
with the meaning in Table 3-1 [33, 34]:

Fyf = −Cαfαf

Fyr = −Cαrαr
(3-1)

αf = δ − v + lfr

u

αr = v − lrr
u

(3-2)

Table 3-1: Linear tire model symbols

Symbols Meaning
Fyf Lateral force front
Fyr Lateral force rear
Cαf Cornering stiffness front
Cαr Cornering stiffness rear
αf Slip angle front
αr Slip angle rear
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3-1 Model 13

Figure 3-2: Lateral tire force [1]

3-1-2 Vehicle model

The controller is made for path-following, making the internal forces negligible. A
bicycle model is used to represent the vehicle. The kinematic and dynamic bicycle
model are both simplified versions of the real vehicle. The drawback from the kinematic
model is that on a higher velocity the reference error will grow [35]. The kinematic
bicycle model does not use tire forces, the dynamic bicycle model does use the tire
forces. By using a tire model a better understanding of the vehicle’s behaviour can be
made. The dynamic bicycle model is used for the project. The model of the vehicle
can be seen in Figure 3-3.

Figure 3-3: Bicycle model [2]

The throttle/brake is controlled with Fxf and Fxr and the steering angle with δf. The
lateral tire forces are given by Fy, with Fyf being the front wheel and Fyr the rear wheel.
Lf is the distance from the front wheel to the centre of gravity and Lr from the rear
wheel to the centre of gravity, respectively a and b in Figure 3-3. The dynamic bicycle
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model is given by [36], which can be derived from Figure 3-3:

m(ẍ− ẏψ̇) = −Fxf cos(δf)− Fyf sin(δf)− Fxr (3-3)
m(ÿ + ẋψ̇) = Fyf cos(δf)− Fxf sin(δf) + Fyr (3-4)

Izψ̈ = Lf(Fyf cos(δf)− Fxf sin(δf))− LrFyr (3-5)

Compact model

A compact version of the whole model implemented in the MPC is given below. The
symbols are given in Table 3-2. The longitudinal control is divided by a constant
value, in our case the mass of the vehicle. By dividing longitudinal control by the mass
of the vehicle the difference in magnitude between the control values for longitudinal
and lateral control becomes smaller. In the vehicle the longitudinal control value is
converted to torque.

ẋ = f(x,u) (3-6)
x = [4δf,4cx,f,4cx,r, ẋ, ẏ, ψ̇, y, ψ, δf, cx,f, cx,r] (3-7)
u = [δf, cx,f, cx,r] (3-8)
cx,f = Fxf/1590 (3-9)
cx,r = Fxr/1590 (3-10)

Table 3-2: Compact model symbols

Symbols Meaning
4δf Change in steering angle [rad]
4cx,f Change in longitudinal control front wheels [N/1590]
4cx,r Change in longitudinal control rear wheels [N/1590]
ẋ Longitudinal velocity [m/s]
ẏ Lateral velocity [m/s]
ψ̇ Yaw rate [rad/s]
y Lateral position [m]
ψ Yaw angle [rad]
δf Steering angle [rad]
cx,f Longitudinal control front wheels [N/1590]
cx,r Longitudinal control rear wheels [N/1590]

3-2 Cost function

As explained in Section 2-1-1 MPC minimizes an optimization problem. The optimiza-
tion algorithm minimizes the cost function. The cost function consists of two parts:
Tracking and comfort.
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3-2-1 Tracking

To create a path following controller, the reference signals are implemented in the
cost function. The signals from the reference generator are in the vehicle frame. The
reference signals are the lateral deviation (yref), the difference in yaw angle (ψref) and
the desired velocity (vref). Implementing the reference signals into the cost function
leads to the following cost function, with w being the weights:

ypenalty(k) = ‖y(k)− yref(k)‖2wy (3-11)
ψpenalty(k) = ‖ψ(k)− ψref(k)‖2wψ (3-12)
vpenalty(k) = ‖v(k)− vref(k)‖2wv (3-13)
Jtracking(k) = ypenalty(k) + ψpenalty(k) + vpenalty(k) (3-14)

The MPC tries to minimize the penalties by adjusting the control input, making the
controller follow the reference signals. By penalizing the change in lateral and longitu-
dinal control the tracking and comfort performance can be improved. Therefore, the
following equations could be both under tracking and comfort.

4δpenalty(k) = ‖δ(k)− δ(k − 1)‖2w4δ (3-15)
4apenalty,rear(k) = ‖crear(k)− crear(k − 1)‖2w4c (3-16)
4apenalty,front(k) = ‖cfront(k)− cfront(k − 1)‖2w4c (3-17)

Jincrements(k) = 4δpenalty(k) +4apenalty,rear(k) +4apenalty,front(k) (3-18)

3-2-2 Comfort

The controller is now able to track the reference signals. To achieve more comfort,
terms can be implemented in the cost function. The proposed method to increase the
comfort is penalizing the acceleration frequencies in which humans are sensitive for
discomfort. A band pass filter for these frequencies is created. The transfer function
for the low pass filter is Equation (3-19), and for the high pass filter is Equation (3-20),
with ω being the frequency in Hz.

2πω
s+ 2πω (3-19)

s

s+ 2πω (3-20)

To create the band pass filter the two filters are multiplied. To use the band pass filter
in the model, the filters are made into a discrete state space. The filters can be used
as following:

z(k + 1) = Az(k) +Ba(k) (3-21)
afilter(k) = Cz(k) +Da(k) (3-22)
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In Figure 3-4 the weights for the frequencies that create motion sickness and general
discomfort are plotted, see Section 1-1. To penalise discomfort as precise as possible,
the filter should follow the lines of the weights. The band pass filter chosen for motion
sickness is 0.03-0.2 Hertz and for general discomfort 1-2 Hertz. In Figure 3-4 can be
seen that the lines are closely together. More accurate filters can be chosen, however
this leads to more states in the filter and increasing the complexity of the controller.
The transfer functions for the filters are as following:

Filtermotion sickness = 1.257s
s2 + 1.445s+ 0.2369 (3-23)

Filtergeneral discomfort = 12.57s
s2 + 18.85s+ 78.96 (3-24)

Figure 3-4: Filters from the controller compared to the weights of motion sickness and general
discomfort

The cost function for lateral comfort consists of two parts, that are, the lateral accel-
eration filtered for motion sickness and for general discomfort, respectively. This leads
to the following cost functions:

ay,ms,penalty(k) = ay,ms(k)2way,ms (3-25)
ay,gd,penalty(k) = ay,gd(k)2way,gd (3-26)

Jfilter(k) = ay,ms(k)2way,ms + ay,gd(k)2way,gd (3-27)
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The same penalties as for lateral acceleration can be given for longitudinal acceleration:

ax,ms,penalty(k) = ax,ms(k)2wax,ms (3-28)
ax,gd,penalty(k) = ax,gd(k)2wax,gd (3-29)

Jfilter(k) = ax,ms(k)2wax,ms + ax,gd(k)2wax,gd (3-30)

3-3 Constraints

An advantage from using MPC is that constraints can be implemented. In a vehicle
there are constraints on the throttle/brake and steering wheel. The steering wheel
constraints implemented in the controller are:

|δ| ≤ 30[deg] (3-31)
|4δ| ≤ 30[deg/s] (3-32)

The constraints of the throttle/brake are set more loosely. The controller is made for
comfort, using the throttle/brake aggressively will lead to discomfort. The controller
will therefore behave conservative. The vehicle is front wheel driven, therefore (3-35)
goes to zero and not a positive value. The front wheels have a higher constraint on
braking. The higher value is chosen so that the front wheels will lose traction before
the rear wheels does to keep the vehicle safe.

cx,front ≤ 6.5[N/1590] (3-33)
cx,front ≥ −4.0[N/1590] (3-34)
cx,rear ≤ 0.0[N/1590] (3-35)
cx,rear ≥ −2.5[N/1590] (3-36)

|4cx,front| ≤ 5[(N/1590)/s] (3-37)
|4cx,rear| ≤ 5[(N/1590)/s] (3-38)

The boundaries of the states which are not specified are from −∞ to ∞.
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Chapter 4

Evaluation

To test if the proposed method for comfort oriented nonlinear MPC works, a few differ-
ent test scenarios are created. The tests should take multiple things into consideration:
tracking abilities, solving time and comfort. In the real world disturbances are present,
therefore disturbances are simulated and can be implemented on the test scenarios.
To evaluate the performance of the controller, the controller needs to be tuned for
optimal performance. Due to the cost function consisting of multiple weights that de-
pends on each other tuning can be difficult and time consuming, therefore an automatic
tuning algorithm is written.

4-1 Evaluation

We evaluate the performance of the controller with respect to tracking, computation
time and comfort.

4-1-1 Tracking and solving time

The safety of the controller is related to the lateral error. To be safe the lateral deviation
should be low in order to not deviate from the lane. In the Netherlands the standard
road is of size 2.75 meters [37]. In other countries the standard lane has more width.
The vehicle simulated, see Section 2-3, is a Toyota Prius with a maximum track width
of 1.519 meters [30]. Therefore, the vehicle could have a lateral deviation of around 0.61
meters while staying in the lane, to create a higher safety margin a more conservative
value for the lateral deviation should be taken.
The solving time of the controller gives an indication whether the controller can be used
in real time. The controller runs at a frequency of 25 Hertz, meaning every 0.04 seconds
a new solution should be found. The controller can be implemented if the maximum
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solving time is always below 0.04 seconds. Increasing the sample time can have a
negative effect on performance. The calculations errors could grow, for an example see
Section 5-2.

4-1-2 Comfort evaluation

To evaluate comfort of the controllers, we created comfort indicators. Since humans
are sensitive for certain comfort frequencies, the accelerations are filtered for these
frequencies. The frequencies are for motion sickness and general discomfort, see Section
1-1. From the filtered accelerations the overall acceleration is calculated, see Equation
(8-3).
From the overall filtered acceleration an indication of comfort can be made. An indi-
cation can be given with the root-mean-square method (RMS) [12, 38]:

aRMS =
[

1
T

∫ T

0
a2(t)dt

] 1
2

(4-1)

The root-mean-square method is used over the whole simulation time. A second method
which can be used is the maximum transit vibration value (MTVV) [39]:

aMTVV(t) =
[

1
τ

∫ t

t−τ
a2(t)dt

] 1
2

(4-2)

MTVV = max(aMTVV(t)) (4-3)

The MTVV method finds the highest RMS acceleration of a small sample time within
the simulation time. The MTVV test is done with the time period of one second
(τ = 1). An example of the RMS and MTVV method is given in Figure 4-1.

4-2 Test scenarios

To test the performance of the controller we built a few test scenarios. The test scenarios
consist of different trajectories, velocities and disturbances.

4-2-1 Disturbances

In the real world a number of disturbances are effecting the performance of the vehicle.
A few disturbances are implemented to see how the vehicle behaves.

Wind disturbance

Safety of the passengers has a high priority, therefore the vehicle should not swerve
to another lane under wind disturbance. To test the performance crosswind is imple-
mented. Crosswind is wind that comes from the side (lateral) of the vehicle. Crosswind

Quirinus Wilhelmus Adrianus van der Slot Master of Science Thesis



4-2 Test scenarios 21

Figure 4-1: Example of the RMS and MTVV performance indicators

is implemented according to the papers [40, 41]. The wind disturbance is simulated
with a wind velocity of 10m/s. The crosswind leads to a force and a moment on the
vehicle, which are described by the following equations:

Fw = 2.5π
2 v2

w (4-4)

Mw =
(

2.5π2 − 3.3π
3

8

)
v2
w + lf − lr

2 Fw (4-5)

The forces are implemented on the center of gravity of the vehicle. The influence on
the vehicle is shown in Figure 4-2, with Vx being the drive direction. The crosswind
will be implemented as a step input.

Figure 4-2: Implementation of wind disturbance
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Sensor noise

The controller will get the information of the initial states from the sensors. The sensors
could be inaccurate. On the initial states of y, ψ and ẋ white noise is added to simulate
sensor noise, see Figure 4-3.

The white noise is added with the block "Band-Limited White Noise" in Simulink [3],
see Figure 4-3. The sample time of the block is set on the same sample time of the
controller (0.04 second), the noise power is set on 0.005. The conversion block will
multiple the noise with a conversion factor. The conversion factor is depended on the
state the noise is added, see Table 4-1.

Table 4-1: Conversion factors for sensor noise

Conversion y 0.10 [m]
Conversion ψ 0.05 [rad]
Conversion ẋ 5 [km/hour]

Figure 4-3: White noise implementation in Simulink [3]

Road friction change

In the real world the friction of the road can change, for example due to rain. The
friction change can lead to dangerous scenarios, such as spinning out of the corner due
to the lost of traction. Normal driving conditions the µ is around one. But for driving
on wet asphalt the µ can go to 0.5 and with ice conditions to 0.1 [42]. The different
road friction can be simulated to show the behaviour of the vehicle.

4-2-2 Trajectory

The controller is designed to safely and comfortably track a path or a velocity profile.
Therefore, we test the controller on the following trajectories.

Quirinus Wilhelmus Adrianus van der Slot Master of Science Thesis



4-2 Test scenarios 23

Double lane change (ISO 3888)

The double lane change is a manoeuvre to test the lateral control of the vehicle in an
emergency. The test is included in the international standard organization under ISO
3888. To pass the double lane change, the vehicle must stay within the boundaries [43],
see Figure 4-4.

Figure 4-4: Double lane change with boundary conditions

Velocity profile

To test the longitudinal control, we built a velocity profile. The velocity profile is driven
on a straight path. The velocity profile has both parts accelerating and decelerating,
see Figure 4-5.

Figure 4-5: Velocity profile on straight path
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Sine wave

To create a test which creates a lot of motion sickness we built a sine-wave path. The
frequency of the sine-wave path is chosen to be 0.2 Hz, which is in the motion sickness
frequency. The path can be seen in Figure 4-6. The sine-wave path is made with the
following equation:

Yposition = 1.5 sin(0.4π(t− 5)) (4-6)

Figure 4-6: Path based on a sine wave
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4-3 Tuning

To tune the weights of the controller, an algorithm is written inspired by other algo-
rithms for automatic tuning [44, 45]. A self-made grid search algorithm is used to find
the optimal solution. A pseudo code is written in the case of two variable weights to
show how the algorithm works, see Algorithm 1.
To test every combination of the two variable weights, two loops are created, see code
line 9 and 10. The pseudo code has four different values to test for each of the variable
weights, which leads to 42 different combinations. From all the different combinations
the optimal weights are found and new values are selected, see code line 18-33. The
selecting of the new values are done in a similar way as in Figures 4-7a and 4-7b. The
start of the arrow represents the optimal weight, in Figure 4-7a weight three and in
Figure 4-7b weight four. The process is repeated a number of times.

(a) selecting new weights from
within the boundary weights

(b) selecting new weights from the boundary
weights

Figure 4-7: Selecting new weights

There is a chance that the problem is non-convex and the tuning algorithm will optimize
to a local minimum. The same problem arises when tuning by hand unless every possible
combination is tried. Trying every possible combination is impossible to do due to time
restrictions. The tuning is done for all the controllers under the same constraints.

4-4 System

The simulations are done in Matlab/Simulink [3, 29]. Simulink has a fixed step size of
10−3 second, while using the ode4 solver (Runge-Kutta). Due to initializing Simulink,
the controller is activated after 2 seconds. The simulation are done on an Intel I5-
9300H processor with 8 GB RAM and runs on Windows. The solver used for the
model predictive controller is FORCES PRO [46, 47].
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Algorithm 1 Algorithm for automatic tuning of the weights
1: procedure Tuning weights
2: y = wax1 + wbx2
3: wa,1 = Boundary condition 1; wa,1 = Boundary condition 2
4: wb,1 = Boundary condition 1; wb,1 = Boundary condition 2
5: i = 1
6: while i 6= N + 1 do
7: wa = linspace(wa,1, wa,4, 4); wb = linspace(wb,1, wb,4, 4)
8: j = 1; k = 1;
9: while j 6= 5 do

10: while k 6= 5 do
11: Run simulation with values wa(j) wa(k)
12: Save data
13: k = ++
14: end while
15: j = ++; k = 1
16: end while
17: Find optimal weights
18: if wa,optimal = wa,1 then
19: wa,1 = wa,1 − 2(wa,2 − wa,1); wa,4 = wa,2
20: if wa,1<0 then
21: wa,1 = 0
22: end if
23: end if
24: if wa,optimal = wa,2 then
25: wa,1 = wa,1; wa,4 = wa,3
26: end if
27: if wa,optimal = wa,3 then
28: wa,1 = wa,2; wa,4 = wa,4
29: end if
30: if wa,optimal = wa,4 then
31: wa,1 = wa,3; wa,4 = wa,4 + 2(wa,4 − wa,3)
32: end if
33: Repeat step 16-40 for wb
34: i=++
35: end while
36: end procedure
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Chapter 5

Filter evaluation and implementation

A filter can process a signal by removing unwanted parts of a signal. In the case of
improving the comfort the filter should process the signal to keep only the important
frequencies (i.e., motion sickness and general discomfort), as Section 1-1 discusses. To
increase comfort in a driving vehicle, a filter was implemented in the cost function
(Section 3-2-2).

To see what influences the behaviour of the filter, offline tests are done. The test data is
created by a vehicle driving the double lane change and saving the accelerations. With
the data, tests can be done on the filters without taking the vehicle into consideration.
From the test results a conclusion can be made on how to implement the filter.

The filters implemented in the controller are for motion sickness 0.03-0.2 Hz and for
general discomfort 1-2 Hz, see Section 3-2-2. The filters are compared to the continuous
filtered accelerations for the same frequencies.

5-1 Initializing filter

The influences on how to initialize the filter are researched. The two different ways
of initializing are: initialize with zero or using a feedback loop to initialize with the
calculated states of the previous time step. The test is done with a time horizon of 1
second and a sampling time of 0.04 seconds.

Initialize with zero

In the following results the states of the filter are initialized with zero (z(1) = 0) on
every new time step of the MPC.
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z(k + 1) = Az(k) +Ba(k) (5-1)
afilter(k) = Cz(k) +Da(k) (5-2)

The results of step 5 and 25 are plotted in Figure 5-2. The performance of the controller
is measured in the difference between the control filter and the continuous filter. If the
error between the lines are small, the filter has a good performance.

Initialize filter with previous time step

To increase the performance of the filter, the states of the last time step can be used
to initialize the filter of the current time, see Figure 5-1. The filter equations are given
in Equations (5-1) and (5-2), with z being the states. The result can be seen in Figure
5-3.

Figure 5-1: Initialize with states of the previous time step

5-1-1 Discussion

If the filter states are initialized with zero, the filter needs time to find the correct
states. While finding the correct states the error is larger, as can be seen in the larger
error on step 5 compared to step 25. On a low frequency finding the states takes a
longer time than on a high frequency, this leads to a larger error on step 25 for motion
sickness than for general discomfort.
Comparing Figures 5-2 and 5-3 can be seen that the performances of the filter increases
when the filter is initialized with the previous time step. Implementing the filter in the
controller will be done with initializing the filter with the previous time step, to create
a more accurate filtered acceleration.

5-2 Sample time

The effect of the sample time is showed with the controller initialized by the previous
state of the filter. The time horizon is kept constant, see Table 5-1. The sum of the
root-mean-square is taken for all steps on the prediction horizon each sampling time
and plotted, see Figure 5-4. If the sample time is lower for the same time horizon, the
filter can estimated more accurately the filtered acceleration. By using a low sample
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Figure 5-2: Initialize with zero

time the MPC needs to calculate more steps on the same time horizon, which makes
the problem more computationally expensive compared to the lower time steps. In the
controller is chosen for a time step of 0.04 second, see Section 4-1-1.

Table 5-1: Test setup for Figure 5-4

Sample time [s] Steps Time horizon [s]
0.02 50 1
0.04 25 1
0.10 10 1

5-3 Time horizon

The MPC can be used with different time horizons. Before using different time horizons,
a test on the performance of the filter is done. The tested values are given in Table 5-2.
The results of the test is given in Figure 5-5. The root-mean-square is calculated over
all the steps, meaning that a time horizon of 1 second has 25 values for the calculation
of the root-mean-square and 2 seconds has 50 steps. The short time horizon is more
influenced by outliers on the calculation of the root-mean-square error due to having
less values to calculate the root-mean-square.
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Figure 5-3: Initialize filter with previous time step

Figure 5-4: Influence sample time on filter

5-4 Filtered signal behaviour

By implementing a filter the signals are processed further. The filter takes a longer
time to describe the full effects of the filtered signals compared to the input signal.
Therefore, the filtered signals behaviour is influenced for a longer time after a change
in input signal. The long influence of the filter time wise could have a great influence on
the performance of the controller. If the controller is unable to predict the behaviour
of the filtered accelerations correctly due to time constraints, the performance could be
lower. To see the behaviour of the filtered signals, a test is made in Simulink. The test
is done on frequency of 25 Hertz, sample time of 0.04 seconds.
The filter is tested with a change in value for one time step, see Figure 5-6. The
disadvantage from the filter can be seen in the figure. The MPC needs a longer time
horizon to fully understand the behaviour of the filtered acceleration. In the figure a
time horizon of 1 second is shown between the red dotted lines. On time step one of
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Table 5-2: Test setup for Figure 5-5

Sample time [s] Steps Time horizon [s]
0.04 25 1
0.04 50 2
0.04 75 3

Figure 5-5: Influence time horizon on filter

the time horizon a change in the input signal is made. As can be seen in the figure the
time horizon does not include the whole behaviour of the filtered signals. Therefore,
the part after the second dotted line is not taken into consideration in the cost function
due to the limit on the time horizon. The effect of the motion filter carries on for longer
than the effect of the general discomfort filter, due to the difference in frequency. The
frequency of motion sickness is low compared to general discomfort.

5-5 Summary

To increase the performance of the controller the states of the filter should be initialized
with the states of the last time step. This will give the filter "memory" of the driven
road. The sample time has influences on the performance, the lower the sample time the
more accurate the filter can calculate the filtered acceleration. The filtered accelerations
take a longer time to show the full behaviour, see Figure 5-6.
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Figure 5-6: Filtered signal behaviour
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Chapter 6

Lateral influences on the combined
controller

To increase comfort lateral acceleration can be filtered and penalised for motion sick-
ness and general discomfort, see Section 3-2-2. The method is researched in three
controllers, the motion sickness controller, the general discomfort controller and a com-
bined motion sickness and general discomfort controller. The method is compared to
three other controllers, each with a different cost function. The differences in the con-
trollers come from different cost functions and the implementation of the filters. In the
end a conclusion can be made about the advantages and disadvantages of the filters.
The motion sickness filter will have a positive influence on comfort by keeping the
accelerations in the frequency of motion sickness down. Since the motion sickness
filter will only penalise the motion sickness frequency, accelerations in other frequencies
can grow which could lead to a low performance in general discomfort. The general
discomfort filter will have similar effects as described above for the motion sickness
filter, only the frequencies will differ.
The motion sickness filter uses a low frequency filter, the low frequency filter will react
slower on high frequency changes. As an example the controller will react poorly on
wind disturbance. However, the filter will be less influenced by high frequency noise.
Where the motion sickness filter lacks due to the slow behaviour the general discomfort
filter can perform, due to the fast response of the high frequency filter.
A compact version of the results are given in the following chapters. For the complete
results see Appendix B.

6-1 Adding penalties

Multiple terms can be added in the cost function to increase comfort performance. In
the results below each comfort term is tested by increasing the weight from zero, while
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the other terms are kept constant, see Table 6-1. The description of the comfort terms
can be found in Section 3-2, the variable terms are: w4δ, way , way,ms, way,gd. The test
is done on the double lane change of 60 km/hour. The double lane change manoeuvre
is chosen due to creating uncomfortable accelerations.
Both lateral and longitudinal accelerations have influences on comfort, see Section 1-
1. To test only the lateral control, the longitudinal penalties are set high to create
similar longitudinal performance over all the controllers. In the end both lateral and
longitudinal control should be tuned to create maximal comfort, see Chapter 8. The
comfort in the plots are shown to be the mean comfort over the terms of RMS and
MTVV for motion sickness and general discomfort, see Section 4-1-2.

Table 6-1: Weights applied on the controllers, wvar is a variable weight

Controller J1 J2 J3 J4
wy 50 50 50 50
wψ 800 800 800 800
wv 3.0e05 3.0e05 3.0e05 3.0e05
w4δ wvar 0 0 0
w4a 5000 5000 5000 5000
way 0 wvar 0 0
way,ms 0 0 wvar 0
way,gd 0 0 0 wvar

Figure 6-1: Effect of changing weight 4δ

Discussion

In Figures 6-1 till 6-4 can be seen that each term can improve the comfort. The weight
of 4δ can have a positive effect on both comfort and lateral error. The terms which
penalises the lateral acceleration (filtered and unfiltered) all increases the lateral error.
Combining the penalty w4δ with a penalty on lateral acceleration (filtered or unfiltered)
will lead to more comfort.
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Figure 6-2: Effect of changing weight ay

Figure 6-3: Effect of changing weight ay,ms

Figure 6-4: Effect of changing weight ay, gd
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On the higher weights the discomfort can grow. A possible reason could be bad tun-
ing. For example in the case of weight increment δ the vehicle’s settling time and
overshooting increases, see Figure 6-5.

Figure 6-5: Growing discomfort due to increasing the weight on increment delta
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6-2 Double lane change

The controllers which penalise the filtered acceleration can be more effective in creat-
ing comfort due to penalising the motion sickness or general discomfort directly. Six
controllers are tuned and compared, see Table 6-2. In controllers J1, J2 and J6 the
filters are not present. In controller J3 only the motion sickness filter is implemented
and in controllers J4 and J5 both filters are implemented, see Table 6-2. The tuning
is done with the tuning algorithm in Section 4-3 and processed further by hand for
optimal performance in terms of comfort. The scenario of the double lane change at 80
km/hour is chosen as test setup due to generating high accelerations, see Section 4-2-2.

Table 6-2: Weights applied on the controllers

Controller J1 J2 J3 J4 J5 J6
wy 50 50 50 50 50 50
wψ 2.70e3 7.62e3 4.50e3 9.72e3 3.50e3 2.71e4
wv 3.00e5 3.00e5 3.00e5 3.00e5 3.00e5 3.00e5
w4δ 1.07e6 3.00e6 2.57e6 2.95e6 1.27e6 0
w4a 5000 5000 5000 5000 5000 5000
way x 19.7 0 0 0 x
way,ms x x 149.1 0 75 x
way,gd x x x 83.4 7.6 x

x means the term is not implemented in the controller

Table 6-3: Double lane change 80 km/hour

Controller J1 J2 J3 J4 J5 J6
Time horizon [s] 1 1 1 1 1 1
RMS ms [m/s2] 0.738 0.66 0.636 0.67 0.644 0.761
Improvement [%] – 10.6 [13.9] 9.2 [12.8] -3.1
RMS gd [m/s2] 0.701 0.654 0.687 0.65 0.677 1.29
Improvement [%] – 6.7 2 (7.3) (3.4) -84.5
MTVV ms [m/s2] 1.49 1.35 1.3 1.37 1.32 1.51
Improvement [%] – 9.3 [12.3] 7.9 [11.5] -1.4
MTVV gd [m/s2] 1.25 1.15 1.22 1.13 1.21 2.1
Improvement [%] – 7.5 2.2 (9.3) (3.3) -68.1
mean comfort [m/s2] 1.04 0.954 0.962 0.955 0.961 1.42
Improvement [%] – 8.6 7.8 8.5 7.9 -35.6
y error max [m] 0.3 0.299 0.3 0.3 0.3 0.292

Increase performance due to motion sickness filter, [ ]
Increase performance due to general discomfort filter, ( )
Improvement compared to the baseline controller, J1 –

Bold is a positive effect
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Discussion

The results of the double lane change are given in Table 6-3. Controllers J2 and J4 have
the highest performance in terms of general discomfort, with a small advantage for J4.
By penalising the motion sickness directly controller J3 has the highest performance in
motion sickness comfort. Combining both motion sickness and general discomfort filter
in one controller leads to a performance between the controllers for motion sickness and
general discomfort, see controller J5. An advantage of penalising both motion sickness
and general discomfort in one controller is that the ratio between the weights of the
two filters can be selected. Therefore, the passengers could select the ratio between the
weights on motion sickness and general discomfort to create a controller which fits to
the needs of the passengers.
The motion sickness filter uses a low frequency filter, by increasing the time horizon
the controller could increase the performance of the predictions about motion sickness
behaviour. By increasing the performance of the predictions more motion sickness
comfort could be achieved. In Section 6-3 results are created with a longer time horizon.
An advantage/disadvantage from penalising lateral acceleration (filtered and unfiltered)
is that the longitudinal behaviour is influenced by the lateral acceleration terms. To
keep the lateral acceleration low, the controller wants to brake. A direct effect of a lower
velocity is a lower lateral acceleration in a corner. However, the braking behaviour can
also lead to discomfort due to the longitudinal accelerations. In the results of Table
6-3 the vehicle has a constant velocity. The effect of braking is described in Section
6-4, these effects can lead to more comfort if tuned right. In Chapter 8 the lateral and
longitudinal control are tuned together to find the optimal results.
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6-3 Motion sickness

Motion sickness is generated in the lower frequencies, see Section 1-1. Due to the low
frequency motion sickness has a large time period. The controller can create more
accurate predictions of the motion sickness with a longer time horizon. The controller
tested is controller J3, with different time horizons. For the different time horizons the
controller is re-tuned.

6-3-1 Double lane change with different time horizons

The results of increasing the time horizon can be found in Table 6-4. The longer
time horizon improves the total comfort by creating less general discomfort. For the
motion sickness comfort the results are similar with different time horizons. Increasing
the sample time leads to a decrease in performance due to the growing errors within
the controller. Increasing the time horizon without increasing the sample time creates
a more complex problem due to the increase of the number of calculations. When
increasing the time horizon a trade off between complexity (solving time) and sample
time should be made.
The controllers are tuned for the highest comfort without crossing the lateral bound-
aries. To achieve more comfort in motion sickness soft/hard boundary constraints could
be implemented. The highest lateral error is only reached at a few sections of the track,
see Figure 6-6. The controller would be able to have a larger lateral error on the other
parts of the path without crossing the boundaries.
While tuning for a time horizon of 10 seconds, no tuning was found within the bound-
aries of the double lane change. The tuning was done with a sample time of 0.20
seconds. Reasons for not finding a tuning could be that the reference generator perfor-
mances goes down with a longer time horizon. Another reason could be an increase in
error within the MPC due to using larger sample time.

Figure 6-6: Lateral error controller J3, without soft or hard constraints
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Table 6-4: Double lane change 80 km/hour, different time horizons

Controller J3 J3 J3 J3
Time horizon [s] 1 2 2 5
Sample time [s] 0.04 0.04 0.10 0.10
RMS ms [m/s2] 0.667 0.673 0.678 0.667
Improvement [%] – -0.9 [-1.7] 0
RMS gd [m/s2] 0.721 0.56 0.568 0.545
Improvement [%] – 22.2 [21.1] 24.3
MTVV ms [m/s2] 1.3 1.32 1.33 1.3
Improvement [%] – -1 [-1.6] 0.1
MTVV gd [m/s2] 1.22 0.971 0.993 0.959
Improvement [%] – 20.4 [18.6] 21.4
mean comfort [m/s2] 0.978 0.88 0.891 0.869
Improvement [%] – 10 [8.9] 11.2
y error max [m] 0.3 0.298 0.297 0.298
Decrease improvement due increase in sample time [ ]

The improvements are compared to the first result column (–)
Bold is a positive effect

6-3-2 Sine wave

In the real world there are roads which creates more motion sickness than the double
lane change, for example a mountain road with a lot of curves. To show more potential
of the motion sickness filter a sine wave is made in the frequency of motion sickness,
see Section 4-6. The sine wave is driven at 80 km/hour. The motion sickness filter (J3)
works well on the sine wave, the root-mean-square and maximum-transit-vibration-
value for motion sickness decreases by respectively 17.6% and 17.2% compared to the
basic controller (J1). A positive side effect is that the controller for motion sickness
(J3) also decreases the general discomfort, compared to controller J1 with 18% (RMS)
and 17.2% (MTVV). The results are taken from one period of the sine wave.
The motion sickness filter has a high performance on other velocities as well. To
show the performance on an other velocity the controller needs to be re-tuned. If the
controller is not re-tuned the lateral error grows on lower driven velocities, see appendix
Table B-4. The sine wave is recreated on the velocity of 60 km/hour, using the same
formula as in Section 4-6. The sine wave has a similar frequency of 0.2 Hz as in the
sine wave of 80 km/hour. Controllers J1 and J3 are re-tuned on the double lane change
with a maximum lateral error of 0.3 meters. One period of the sine wave is taken for
the results. As can be seen in Table 6-6 the motion sickness filter leads to high comfort.

Increasing acceleration terms on the sine wave

In the future the controllers might be able to have dynamic weights, the weights could
change depending on the scenario ahead. The comfort on the sine wave could be
increased by increasing the weights on lateral acceleration (filtered and unfiltered).
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Table 6-5: One period of the sine wave at 80 km/hour

Controller J1 J2 J3 J4 J5 J6
Time horizon [s] 1 1 1 1 1 1
RMS ms [m/s2] 0.93 0.83 0.767 0.847 0.793 0.931
Improvement [%] – 10.7 [17.6] 8.9 14.7 0
RMS gd [m/s2] 0.413 0.366 0.339 0.374 0.35 0.459
Improvement [%] – 11.3 [18] 9.5 15.3 -11.1
MTVV ms [m/s2] 1.22 1.1 1.01 1.12 1.05 1.23
Improvement [%] – 10.4 [17.2] 8.6 14.4 -0.1
MTVV gd [m/s2] 0.528 0.482 0.442 0.495 0.459 0.609
Improvement [%] – 8.7 [16.2] 6.2 13 -15.4
mean comfort [m/s2] 0.774 0.694 0.64 0.709 0.663 0.806
Improvement [%] – 10.3 [17.2] 8.4 14.4 -4.1
y error max [m] 0.174 0.178 0.25 0.162 0.216 0.386

Positive influence due to the motion sickness filter [ ]
The improvements are compared to the first result column (–)

Bold is a positive effect

The results are given in Figure 6-7. As can be seen in the figure the motion sickness
filter has the highest comfort on the sine wave.

Figure 6-7: Comfort on the sine wave while increasing the weights on the acceleration terms
(filtered and unfiltered), higher weight is higher lateral error

Master of Science Thesis Quirinus Wilhelmus Adrianus van der Slot



42 Lateral influences on the combined controller

Table 6-6: Sine wave at 60 km/hour

Controller J1 J3
RMS ms [m/s2] 0.931 0.737
Improvement [%] – [20.9]
RMS gd [m/s2] 0.443 0.324
Improvement [%] – [26.9]
MTVV ms [m/s2] 1.22 0.971
Improvement [%] – [20.4]
MTVV gd [m/s2] 0.493 0.423
Improvement [%] – [14.1]
mean comfort [m/s2] 0.772 0.614
Improvement [%] – [20.5]
y error max [m] 0.255 0.324

Improvement due to the motion sickness filter [ ]
The controllers are re-tuned for the velocity of 60 km/hour
The improvement is compared to the first result column (–)

Bold is a positive effect
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6-4 Longitudinal influence due to lateral acceleration penalty

By penalising the lateral acceleration, the vehicle wants to slow down to keep the
lateral acceleration low in the corners. The lateral acceleration can be calculated from
Equation (6-1) [15, 16, 17], with the meaning of the symbols given in Table 6-7:

al = dθ

dt
v = κ · v2 = 1

ρ
v2 (6-1)

Table 6-7: Velocity profile

Symbols Meaning
al Lateral acceleration
θ Vehicle orientation
ρ Curvature radius
v Longitudinal velocity
κ Curvature

As seen in the equation the velocity influences directly the lateral acceleration. In
the results of Section 6-2 the longitudinal penalties were set high to counter changes
in longitudinal behaviour and test the lateral performance. To show the longitudinal
behaviour the longitudinal penalties are decreased. The test is done on the double lane
change at 80 km/hour, which creates high lateral accelerations and therefore effect the
longitudinal behaviour.

6-4-1 Velocity increase

The velocity is influenced by the lateral acceleration weights (filtered and unfiltered)
and the velocity weights. When setting the velocity and lateral acceleration weights
to zero, or almost zero, to test the behaviour the vehicle’s velocity goes up, see Figure
6-9. An explanation of the behaviour comes from the cost function. If the vehicle’s
velocity goes up, the vehicle can cover more ground. In Figure 6-8 can be seen that the
path which covers more ground has a lower angle, the lower angle can lead to a positive
influence on the cost of increment δ and ψ angle. In both paths the lateral error is the
same. The effects can be different with different trajectories. Due to the increase in
velocity the longitudinal error increases which leads to a poor tracking performance,
the longitudinal error is not penalised within the controller.
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Figure 6-8: Minimizing cost due to increasing velocity and therefore travelled path, positive
influences on increment δ and ψ angle cost

Figure 6-9: No penalties on the velocity weights leads to an increase in driven velocity
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6-4-2 Influence lateral acceleration

To test the influences of the lateral acceleration terms (filtered and unfiltered) on lon-
gitudinal control, a penalty on the velocity terms must be applied in order to track
the path well. The influences of the lateral acceleration terms will be limited due to
the influences of increasing the velocity described in Section 6-4-1. The weights are
kept constant except for the lateral acceleration terms, see Table 6-8. In Figure 6-10
a penalty is given on lateral acceleration with different weights from 0-30. The same
is done for general discomfort in Figure 6-12. For motion sickness other weights are
taken to show the effect (0-120), see Figure 6-11.
By penalising the lateral acceleration or the lateral general discomfort acceleration the
driven velocity is kept lower than when no penalty is applied, see Figures 6-10 and
6-12. The lower velocity leads to a lower lateral acceleration. In case of the motion
sickness filter can be seen that the velocity is not lower all the time, see Figure 6-11.
The effect comes from overshooting and can be countered by tuning the longitudinal
weights. The effect of overshooting can happen to all the controllers due to bad tuning.
In Figures 6-10, 6-11 and 6-12 can be seen that the longitudinal control changes to
create a lower velocity. The changes in longitudinal control will lead to longitudinal
accelerations, which could create discomfort. When tuning the controller both longitu-
dinal and lateral control needs to be tuned.

Table 6-8: Weights applied on the controllers, wvar is a variable weight

Weights Value
wy 50 50 50
wψ 3750 3750 3750
wv 10 10 10
w4δ 2.50e6 2.50e6 2.50e6
w4a 1 1 1
way wvar 0 0
way,ms 0 wvar 0
way,gd 0 0 wvar
wax 0 0 0
wax,ms 0 0 0
wax,gd 0 0 0

6-4-3 Discussion

In Section 6-4-1 can be seen that the velocity increases. The increase in velocity has a
negative effect on comfort due to the increase in lateral and longitudinal acceleration.
The effect could be countered by creating a more advanced reference generator and
controller. The reference generator could create longitudinal position signals in order
to penalise the longitudinal error, see Figure 6-8. Penalising both the lateral and
longitudinal position leads to a cost on velocity. The cost on velocity happens due to
minimizing the distances between the points and the vehicle within a time step. The
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controller could be upgraded by taking into account the shift of the reference points due
to a varying velocity. Shifting the reference points within the controller would make
the problem more complex.
As can be seen in Section 6-4-2 the vehicle wants to slow down to keep the lateral
acceleration down. The effect of slowing down before the corner could lead to an
increase of comfort. The effect is, due to the problem described in Section 6-4-1, of low
nature but could be beneficial in the future when the accelerating problem is fixed.

Figure 6-10: Longitudinal influences by penalising lateral acceleration with different weights on
the double lane change of 80 km/hour
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Figure 6-11: Longitudinal influences by penalising lateral motion sickness acceleration with
different weights on the double lane change of 80 km/hour
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Figure 6-12: Longitudinal influences by penalising lateral general discomfort acceleration with
different weights on the double lane change of 80 km/hour
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6-5 Disturbance

When the controller is tested in a real vehicle, disturbances are present. The distur-
bances can have a negative effect on comfort and safety. The controllers are tested
on three types of disturbances: wind disturbance, lower friction and sensor noise, see
Section 4-2-1. The disturbances will give an indication where the controllers lacks in
performance. The tuning of Section 6-2 is used. In the controller the disturbances
are not modeled, therefore, the controller does not have extra tools to counter the
disturbances.

6-5-1 Lower friction

The tire forces are influenced by the road friction [48]. Controllers which have lower
accelerations will be less effected by a lower friction. The performance of controllers
J2-J5 will increase compared to J1. The test is done on the double lane change at 80
km/hour due to creating high lateral accelerations. The controllers are tested on safety
and comfort in wet road conditions.

Table 6-9: Double lane change 80 km/hour with µ = 0.5

Controller J1 J2 J3 J4 J5 J6
Time horizon [s] 1 1 1 1 1 1
RMS ms [m/s2] 0.735 0.674 0.664 0.682 0.662 0.751
Improvement [%] – 8.3 9.7 7.2 10 -2.2
RMS gd [m/s2] 0.691 0.669 0.686 0.672 0.678 1.22
Improvement [%] – 3.2 0.8 2.8 1.9 -77.2
MTVV ms [m/s2] 1.48 1.37 1.36 1.39 1.35 1.5
Improvement [%] – 7.2 8.2 6.1 8.8 -1.2
MTVV gd [m/s2] 1.22 1.18 1.22 1.18 1.21 2.01
Improvement [%] – 2.6 -0.2 3.2 0.8 -65.5
mean comfort [m/s2] 1.03 0.975 0.982 0.98 0.974 1.37
Improvement [%] – 5.4 4.7 4.9 5.5 -33.1
y error max [m] [0.387] 0.273 0.29 0.273 0.292 [0.371]
Without penalising a form of lateral acceleration, large lateral error [ ]

The improvements are compared to the first result column (–)
Bold is a positive effect

Discussion

The controllers which penalises the lateral acceleration (filtered and unfiltered) increase
the comfort compared to controller J1, see Table 6-9. In comparison with Section 6-2
the improvement decreases. The decrease comes from controller J1 being unable to
follow the track within the limits, in this case maximum lateral error of 0.3 meter. The
controller J1 can therefore drive a smoother trajectory. Controller J6 is also unable to
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stay within the lateral limits of track. Controllers J2 till J5 stay within the boundaries
and create comfort.

6-5-2 Wind disturbance

The wind disturbance will have a direct influence on the lateral error by applying force
to the side of the vehicle. The controller with motion sickness filter will take a longer
time to react due to the low frequency filter, the controllers which penalise lateral
acceleration directly or general discomfort (J2 and J4) can respond faster.

Table 6-10: Double lane change 80 km/hour with wind disturbance

Controller J1 J2 J3 J4 J5 J6
Time horizon [s] 1 1 1 1 1 1
RMS ms [m/s2] 0.739 0.661 0.634 0.671 0.644 0.782
Improvement [%] – 10.6 14.2 9.2 12.9 -5.8
RMS gd [m/s2] 0.715 0.651 0.689 0.647 0.673 1.86
Improvement [%] – 9 3.6 9.5 5.9 -160
MTVV ms [m/s2] 1.5 1.35 1.29 1.37 1.31 1.52
Improvement [%] – 10 13.7 8.6 12.4 -1.6
MTVV gd [m/s2] 1.3 1.14 1.2 1.12 1.18 3.33
Improvement [%] – 12.5 7.3 13.9 9.5 -156
mean comfort [m/s2] 1.06 0.949 0.955 0.951 0.951 1.87
Improvement [%] – 10.7 10.1 10.5 10.5 -76.3
y error max [m] 0.504 [0.609] [0.688] [0.553] 0.499 0.473

Large lateral error due to penalties on acceleration [ ]
The improvements are compared to the first result column (–)

Bold is a positive effect

Discussion

In Table 6-10 can be seen that the lateral error becomes unsafe for all the controllers.
Controllers J2 till J4 have the highest lateral error. The lateral error grows when
filters are implemented with an exception of controller J5. Controller J5 has filters and
achieves a low lateral error, similar to controller J1. The lateral error of J5 is kept low
due to the lower cost on the filtered acceleration, see Appendix B-1-5.
An reason for the large lateral error of the controllers which penalises the lateral ac-
celeration (filtered or unfiltered) can come from the mismatch between the true and
predicted lateral acceleration due to presence of wind disturbance. The first lateral
acceleration is calculated with the states given from the vehicle plant effected from
the wind disturbance. The calculated lateral acceleration after the first state does not
contain any wind disturbance and leads to an incorrect prediction of the lateral acceler-
ation compared to the true lateral acceleration. When the controller can calculated the
lateral acceleration correctly the comfort could increase further, a disturbance observer
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could help in case of the wind disturbance. The lateral acceleration is calculated with
the state space which can be found in A-1. Similar effects can happen to the other
predicted states of the controllers.

Another disadvantage from having to penalise the low frequency of the lateral accel-
eration, is the slow change of the filtered acceleration, see Figure 6-13. The motion
sickness filter does react slower than the general discomfort filter on a fast change, in
this scenario a step input to simulate the wind disturbance. The controller with the
motion sickness filter will take a longer time to react to the sudden changes, the longer
reaction time leads to a longer time converging to the new value. The general discom-
fort controller, J4, has the lowest lateral error of the controllers which penalises the
lateral acceleration (filtered or unfiltered) due to the high frequency filter and therefore
quick response.

Figure 6-13: Filter response to a step input, filters from Section 3-2-2

6-5-3 Sensor noise

By testing only the lateral control in this chapter, the noise is implemented on the
lateral error and psi angle and not on the velocity. The noise is of high frequency of 25
Hz, the same frequency as the controller. The test is done on the double lane change
with a velocity of 80 km/hour.
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Table 6-11: Double lane change 80 km/hour with sensor noise

Controller J1 J2 J3 J4 J5 J6
Time horizon [s] 1 1 1 1 1 1
RMS ms [m/s2] 0.728 0.651 0.625 0.661 0.634 0.704
Improvement [%] – 10.6 14.1 9.3 12.9 3.4
RMS gd [m/s2] 0.684 0.659 0.669 0.662 0.671 2.11
Improvement [%] – 3.7 2.2 3.3 1.9 -209
MTVV ms [m/s2] 1.46 1.33 1.28 1.35 1.3 1.41
Improvement [%] – 9.2 12.5 7.8 11.4 3.8
MTVV gd [m/s2] 1.22 1.19 1.25 1.19 1.23 3.83
Improvement [%] – 2.4 -2.6 2.4 -0.6 -214
mean comfort [m/s2] 1.02 0.958 0.957 0.966 0.957 2.01
Improvement [%] – 6.5 6.6 5.7 6.5 -96.5
y error max [m] 0.258 0.262 0.309 0.263 0.265 0.32

Low influence sensor noise on motion sickness
The improvements are compared to the first result column (–)

Bold is a positive effect

Discussion

When sensor noise is implemented the motion sickness terms stay high compared to
controller J1, see Table 6-11. The motion sickness is of a low frequency and will be
less influenced by high frequency noise. In Figure 6-14 can be seen the difference in
influences, the motion sickness graph has a maximum value of 0.0882 and the general
discomfort graph of 0.5164. In the figure the noise is directly filtered, in the vehicle the
noise goes through the controller first which process the signals further.
The improvement of general discomfort decreases for the controllers which penalises
the lateral acceleration directly or filtered for general discomfort, compared to when
no sensor noise is applied. The controller can respond quickly to the noise due to the
high frequency filter (or no filter). The quick response has a negative effect on general
discomfort.
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Figure 6-14: Influences noise on motion sickness and general discomfort using the weights from
Section 1-1
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6-6 Influences of the time horizon

In Section 6-3 can be seen the positive influence of increasing the time horizon for the
motion sickness filter. To see the effect on the other controllers the time horizon is
increased from one second to two seconds, the controllers are re-tuned for the new time
horizon. The increase in time horizon with the same sample time creates more steps to
calculate within the controller, the problem becomes more complex.
The results can be found in Table 6-12. In the results can be found that increasing the
time horizon can decrease general discomfort up to 20.5%. The effect of increasing the
time horizon has almost no influences on motion sickness comfort for the controllers
which penalise the lateral acceleration (filtered and unfiltered).

Table 6-12: Double lane change 80 km/hour with different time horizons

Controller J1 J1 J2 J2 J4 J4
Time horizon [s] 1 2 1 2 1 2
Sample time [s] 0.04 0.04 0.04 0.04 0.04 0.04
RMS ms [m/s2] 0.738 0.704 0.66 0.657 0.67 0.674
Improvement [%] – 4.7 – 0.5 – -0.6
RMS gd [m/s2] 0.701 0.557 0.654 0.532 0.65 0.537
Improvement [%] – 20.5 – 18.7 – 17.3
MTVV ms [m/s2] 1.49 1.43 1.35 1.35 1.37 1.38
Improvement [%] – 4.1 – -0.1 – -0.9
MTVV gd [m/s2] 1.25 0.997 1.15 0.951 1.13 0.952
Improvement [%] – 20.1 – 17.6 – 15.8
mean comfort [m/s2] 1.04 0.921 0.954 0.873 0.955 0.886
Improvement [%] – 11.7 – 8.6 – 7.2
y error max [m] 0.3 0.299 0.299 0.3 0.3 0.3
Controllers of time horizon 2 seconds are re-tuned for the scenario

The improvements are compared to the same controller with time horizon of 1 second (–)
Bold is a positive effect
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6-7 Solving time

An important part for a controller is the solving time, the solving time is the time the
controller takes for calculating the control output. The controller runs on 25 Hz, the
controller should find a solution within 0.04 seconds. The test of the double lane change
on 80 km/hour is repeated elevens times and the maximum and mean solving time are
saved. The tuning is the same as in Section 6-2, with a time horizon of 1 second. The
controllers are able to find a solution within the sample time (<0.04 second). The
results can be found in Table 6-13.

Table 6-13: Solving times on the double lane change

Controller J1 J2 J3 J4 J5 J6
Maximum of maximums* [s] 0.0131 0.0117 0.0257 0.0225 0.0176 0.0385
Mean of maximums* [s] 0.0125 0.0115 0.014 0.017 0.0145 0.0379
Mean of means** [s] 0.00799 0.00812 0.00929 0.0113 0.0111 0.0147
Each controller is simulated 11 times, * Maximum of each simulation, ** Mean of each

simulation
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6-8 Summary

The performance of the controllers J2 - J5 are quite similar on the double lane change,
when no disturbance is present. The benefit for penalising the lateral acceleration
(filtered and unfiltered) is around 8% on mean comfort compared to J1.
The most important result is the reduction in motion sickness. In Section 6-3-2 the
controllers are tested on a scenario which creates motion sickness. A large increase in
comfort was created by using the motion sickness filter. The improvement on mean
comfort of the motion sickness controller increased to 17.2% compared to controller J1.
The motion sickness filter, when used in the right scenario, could help with dealing
with motion sickness and lead to a more comfortable drive.
The general discomfort filter achieves a small increase in performance in the general
discomfort frequency compared to penalising the lateral acceleration directly. Under
disturbances the only advantage from penalising general discomfort is on wind distur-
bance, creating a lower lateral error than the other methods of penalising the lateral
acceleration. When penalising lateral acceleration (filtered or unfiltered) the lateral
error is too high for safe driving under wind disturbance.
Implementing both the general discomfort filter and motion sickness filter can have
a positive effect due to choosing the weight ratio. A ratio can be selected between
motion sickness and general discomfort filter to achieve the most comfort according to
the passengers.
The penalty on lateral acceleration of controller J2-J5 affects longitudinal control, see
Section 6-4. A problem arises due to not penalising the longitudinal position. The con-
troller wants to increase the velocity, see Section 6-4-1. The increasing velocity problem
could be countered in the future by creating a more advanced reference generator/con-
troller. When the velocity problem is dealt with the controller could slow down before
entering the corner to achieve lower lateral accelerations, leading to an increase in com-
fort. To achieve high comfort choosing the correct weights for longitudinal control is
important, which will be further handled in Chapter 8.
When applying disturbances different results are found. For lower friction, penalising
lateral acceleration (filtered and unfiltered) helps to stay on track. The effect of the
lower lateral deviation comes from generating lower accelerations and therefore lower
tire forces. When applying wind disturbance the penalty on lateral acceleration (filtered
and unfiltered) leads to an increase in the lateral error. The lateral error increases and
causes unsafe road behaviour. Besides the unsafe road behaviour due to the wind
disturbance, the controllers which penalise lateral acceleration (filtered or unfiltered)
ensure high comfort. When penalising a form of lateral acceleration the motion sickness
comfort is kept high under sensor noise. Therefore, implementing a penalty on lateral
acceleration (filtered or unfiltered) is recommended when sensor noise is present.
Increasing the time horizon while keeping the sample time constant leads to an in-
crease in comfort and complexity. The general discomfort performance increases for
the controllers. The disadvantage is an increase of the number of calculations within
the controller, which leads to longer solving time. The solving time of all the controllers
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with time horizon of one second are within bounds (< 0.04 second). The controller can
be implemented in a real vehicle.
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Chapter 7

Longitudinal influences on the
combined controller

In the previous chapter the results of penalising the filtered lateral acceleration is
researched. In a vehicle both lateral and longitudinal accelerations lead to discomfort.
Therefore, combining them could lead to the best overall option to counter discomfort.
This chapter shows the effects of penalising longitudinal acceleration. The longitudinal
discomfort can be countered the same as the lateral discomfort, by penalising the
filtered accelerations. The filters for longitudinal accelerations are the same as for
lateral accelerations (motion sickness and general discomfort), see Section 3-2-2.
By creating a test scenario which leads to high accelerations the terms can be tested.
The test scenario, velocity profile, can be found in Section 4-2-2. The test scenario is
used in the whole chapter. The effect of the longitudinal terms in normal day driving
would be lower than the results shown in this chapter. The question is if implementing
these terms could create a real benefit to the controller. When implementing the
longitudinal acceleration terms the complexity of the problem rises.
The velocity profile has multiple high frequency changes. The general discomfort filter
will perform well due to the high frequency filter and the motion sickness filter will
perform less due to the low frequency filter. In Section 6-5-3 can be seen that the
motion sickness is less effected by noise, which will be the same for longitudinal control.

7-1 Adding penalties

To prove that penalising the lateral accelerations (filtered and unfiltered) generates
comfort, the penalties are tested one by one. The weights of the other terms are kept
constant, see Table 7-1. The velocity test is done on the braking section of the scenario,
see Section 4-2-2 (till approximated 325 meters).

Master of Science Thesis Quirinus Wilhelmus Adrianus van der Slot



60 Longitudinal influences on the combined controller

Table 7-1: Weights applied on the controllers, wvar is a variable weight

Controller J1 J2 J3 J4
wy 50 50 50 50
wψ 3750 3750 3750 3750
wv 10 10 10 10
w4δ 2.90e6 2.90e6 2.90e6 2.90e6
w4a wvar 0 0 0
wax 0 wvar 0 0
wax,ms 0 0 wvar 0
wax,gd 0 0 0 wvar

Figure 7-1: Effect of changing weight 4a

As can be seen in Figures 7-1 till 7-4 the terms all increase comfort. The increase in
comfort leads to an increase in velocity error.
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Figure 7-2: Effect of changing weight ax

Figure 7-3: Effect of changing weight ax,ms

Figure 7-4: Effect of changing weight ax, gd

Master of Science Thesis Quirinus Wilhelmus Adrianus van der Slot



62 Longitudinal influences on the combined controller

7-2 Velocity profile

To compare the method of filtering longitudinal acceleration, 6 controllers are tuned
and compared, see Table 7-2. In controllers J1, J2 and J6 the filters are not present.
In controller J3 only the motion sickness filter is implemented and in controllers J4
and J5 both filters are implemented, see Table 7-2. The vehicle drives on a straight
path, therefore, the lateral weights do not affect the results. All the controllers have
no lateral deviation. The controllers are tuned to have a maximum velocity error of 5
km/hour while braking. The scenario can be found in Section 4-2-2.

Table 7-2: Weights applied on the controllers

Controller J1 J2 J3 J4 J5 J6
wy 50 50 50 50 50 50
wψ 3750 3750 3750 3750 3750 3750
wv 10 10 10 10 10 10
w4δ 2.90e6 2.90e6 2.90e6 2.90e6 2.90e6 2.90e6
w4a 653 2.0 342 0.0072 0.0068 0
wax x 2.12 0 0 0 x
wax,ms x x 1.775 0 1.78 x
wax,gd x x x 30.9 19.05 x

x means the term is not implemented in the controller

Table 7-3: Velocity profile

Controller J1 J2 J3 J4 J5 J6
Time horizon [s] 1 1 1 1 1 1
RMS ms [m/s2] 0.67 0.593 0.616 0.64 0.608 0.709
Improvement [%] – 11.5 8 4.5 9.2 -5.8
RMS gd [m/s2] 0.357 0.354 0.345 0.338 0.335 0.676
Improvement [%] – 1 3.4 [5.3] [6.3] -89.3
MTVV ms [m/s2] 1.37 1.26 1.3 1.31 1.27 1.63
Improvement [%] – 7.8 4.5 4.1 6.8 -19.7
MTVV gd [m/s2] 0.937 0.958 0.909 0.866 0.902 1.74
Improvement [%] – -2.2 3 [7.6] [3.7] -86.3
mean comfort [m/s2] 0.832 0.791 0.794 0.789 0.779 1.19
Improvement [%] – 5 4.7 5.3 6.4 -43.1
v error max acc. [km/hour] 8.58 7.36 8.04 7.06 7.2 7.56
v error max brak. [km/hour] 5 4.99 5 5 5 2.32

Improvement due to the general discomfort filter [ ]
The improvements are compared to the first result column (–)

Bold is a positive effect
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Discussion

The improvements in terms of mean comfort are small, for controller J2 till J5 around
±5% compared to J1, see Table 7-3. The increase in comfort could grow, if the velocity
error can grow. Due to safety being a high priority the velocity error is kept low.
Controller J2 has the highest performance in motion sickness instead of controller J3
which is implemented with the motion sickness filter. The improvement on mean com-
fort due to the motion sickness filter is less than the improvement due to the weight
of 4a, which can be seen by the ratio of the two weights (w4a and wax,ms). The effect
has to do with the velocity scenario having a sudden change in velocity, or high fre-
quency acceleration change, and the motion sickness filter is of a low frequency. The
difference in frequency makes the motion sickness weight perform less well and shift
the focus on the increment term, w4a, to achieve the highest overall comfort. As can
be seen in Appendix B-2-1 only controller J1 and J3 has a high cost on the increment.
The general discomfort filter which is implemented in controller J4 and J5 achieves the
highest performance in general discomfort.
When driving in the real world the reference generator can create a smooth velocity
profile. A smooth velocity profile will create lower accelerations therefore lower im-
provements on comfort compared to Table 7-3. The reference generator will create an
uncomfortable velocity profile when needed, which happens in emergency scenarios. In
the case of an emergency scenario following the reference signal should be done with
a low error, meaning safety over comfort. Implementing the longitudinal acceleration
terms in a normal day driving scenario could be not worth it.
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7-3 Disturbance

In the real world disturbances are present, to see how the longitudinal control reacts
on disturbance two scenarios are tested. The two scenarios are sensor noise and lower
friction which can be found in Section 4-2-1. These scenarios are tested on the velocity
profile which can be found in Section 4-2-2. In the controller the disturbances are not
modeled, therefore, the controller does not have extra tools to counter the disturbances.

7-3-1 Friction change

If the friction of the road changes, for example due to rain, the controller still needs to
be safe. How the controllers react and which of the controllers are the least influenced
by the change of road friction is researched. The road friction is changed from 1 to 0.5
µ, see Section 4-2-1.

Discussion

The vehicle is a front wheel driven vehicle, meaning the vehicle can only accelerate
with the front wheels. The front wheels lose traction in the low friction scenario, the
traction is not lost while braking due to using all the four wheels. In Figure 7-5 the
different longitudinal tire forces in dry and wet road conditions are shown for the right
front tire under acceleration conditions. In the figure can be seen where the tire loses
the grip on the road. The comfort is influenced by when the wheel spin starts and ends,
creating differences in comfort. The longitudinal acceleration has a direct influences on
when the wheel spin starts, see Equation (7-1) [49]. Where Ff is the traction force, µ
the road friction and Fn the normal force.

Ff = µFn (7-1)

Controller J2 has the highest performance due to penalising the full frequency of the
acceleration. By penalising only certain frequencies the accelerations can grow outside
these frequencies. If the acceleration leads to tire forces bigger than the traction force
the wheel starts to spin.

Configuration adjustment lower friction

When rain is detected by the vehicle the performance can be increased by adjusting
the constraints in the MPC. The constraints can be set more conservative for the
longitudinal control. In the new results, see Table 7-5, the longitudinal control value is
constraint to be maximum 3.0. The tires do not lose traction, in Figure 7-6 the force
of the tire under the new constraint is compared to the old constraint. Controller J5
performs well under the new constraints, by keeping both the general discomfort and
motion sickness low.
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Table 7-4: Velocity profile with µ = 0.5, Longitudinal control value constraint by maximum of
6.5

Controller J1 J2 J3 J4 J5 J6
Time horizon [s] 1 1 1 1 1 1
RMS ms [m/s2] 0.633 0.554 0.58 0.611 0.58 0.65
Improvement [%] – [12.5] 8.4 3.4 8.4 -2.6
RMS gd [m/s2] 0.367 0.302 0.333 0.342 0.331 0.663
Improvement [%] – [17.9] 9.3 6.9 10 -80.5
MTVV ms [m/s2] 1.48 1.26 1.3 1.43 1.29 1.6
Improvement [%] – [14.9] 11.8 3.4 12.8 -8.5
MTVV gd [m/s2] 1.23 0.917 0.995 1.2 1.13 1.9
Improvement [%] – [25.5] 19.1 2.4 8 -54.5
mean comfort [m/s2] 0.928 0.758 0.803 0.896 0.833 1.2
Improvement [%] – [18.3] 13.4 3.4 10.2 -29.9
v error max acc. [km/hour] 12.2 11.7 11.8 11.6 11.4 12.4
v error max brak. [km/hour] 5 4.99 5 5 5 3.75

Improvement due to penalising the whole acceleration frequency [ ]
The improvements are compared to the first result column (–)

Bold is a positive effect

7-3-2 Sensor noise

Section 6-5-3 shows that the motion sickness filter is less affected by the high-frequency
noise compared to the general discomfort filter. Both the general discomfort and pe-
nalising the lateral acceleration are more effected by noise. Implementing a penalty on
longitudinal acceleration, unfiltered of filtered for motion sickness, does improve the
motion sickness.
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Figure 7-5: Comparison controllers J2 - J4 on wet road conditions while losing traction, compared
to dry road condition with controller J1

Table 7-5: Velocity profile with µ = 0.5, Longitudinal control value constraint by maximum of
3.0

Controller J1 J2 J3 J4 J5 J6
Time horizon [s] 1 1 1 1 1 1
RMS ms [m/s2] 0.622 0.567 0.582 0.603 0.577 0.656
Improvement [%] – 8.9 6.4 3.2 7.2 -5.3
RMS gd [m/s2] 0.312 0.305 0.302 0.291 0.288 0.554
Improvement [%] – 2.2 3.2 6.6 7.7 -77.5
MTVV ms [m/s2] 1.37 1.26 1.3 1.31 1.27 1.6
Improvement [%] – 7.9 4.5 4.1 6.9 -17.4
MTVV gd [m/s2] 0.939 0.917 0.911 0.821 0.826 1.36
Improvement [%] – 2.3 2.9 12.5 12 -45.2
mean comfort [m/s2] 0.81 0.762 0.775 0.757 0.741 1.04
Improvement [%] – 5.9 4.3 6.6 8.5 -28.9
v error max acc. [km/hour] 11.3 10.5 10.8 10.2 10.2 11.2
v error max brak. [km/hour] 5 4.99 5 5 5 3.75

The improvements are compared to the first result column (–)
Bold is a positive effect
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Figure 7-6: Comparison controllers J2 on dry and wet road conditions, old constraint is longitu-
dinal control maximum 6.5, new constraint maximum 3.0

Table 7-6: Velocity profile with sensor noise

Controller J1 J2 J3 J4 J5 J6
Time horizon [s] 1 1 1 1 1 1
RMS ms [m/s2] 0.663 0.62 0.613 0.678 0.645 0.808
Improvement [%] – 6.4 7.6 -2.2 2.8 -21.9
RMS gd [m/s2] 0.353 0.423 0.344 0.368 0.378 0.842
Improvement [%] – -20 2.3 -4.3 -7.3 -139
MTVV ms [m/s2] 1.31 1.27 1.26 1.31 1.28 1.62
Improvement [%] – 3.3 4.3 0.4 2.6 -23.4
MTVV gd [m/s2] 0.942 0.951 0.916 0.819 0.892 1.54
Improvement [%] – -1 2.7 13.1 5.3 -64
mean comfort [m/s2] 0.817 0.816 0.782 0.793 0.798 1.2
Improvement [%] – 0.2 4.3 3 2.3 -47.3
v error max acc. [km/hour] 8.38 8.17 8 7.66 7.58 8.79
v error max brak. [km/hour] 4.92 5.37 4.98 6.02 5.89 4.54

The improvements are compared to the first result column (–)
Bold is a positive effect
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7-4 Influences time horizon

To test the influence of a longer time horizon on longitudinal control, the controllers are
compared with a different time horizon. The controllers compared are J2, J3 and J4.
The controllers all penalises longitudinal acceleration differently. The results can be
found in Table 7-7. An increase is made in comfort, the motion sickness and the general
discomfort decreases while increasing the time horizon. Controller J3 has the highest
decrease in RMS motion sickness. Keep in mind that the controllers in the results are
compared to them self with a different time horizon. For example, controller J3 with
time horizon of 2 seconds has online an improvement of 1.8% compared to controller
J2 with time horizon of 2 seconds on RMS for motion sickness. When the calculating
power of the vehicle goes up, the solving time goes down, increasing the time horizon
from one to two seconds will be beneficial for comfort.

Table 7-7: Double lane change 80 km/hour with different time horizons

Controller J2 J2 J3 J3 J4 J4
Time horizon [s] 1 2 1 2 1 2
Sample time [s] 0.04 0.04 0.04 0.04 0.04 0.04
RMS ms [m/s2] 0.593 0.553 0.616 0.543 0.64 0.599
Improvement [%] – 6.7 – 11.8 – 6.4
RMS gd [m/s2] 0.354 0.262 0.345 0.267 0.338 0.288
Improvement [%] – 25.9 – 22.6 – 14.9
MTVV ms [m/s2] 1.26 1.14 1.3 1.15 1.31 1.23
Improvement [%] – 9.6 – 12 – 6.3
MTVV gd [m/s2] 0.958 0.696 0.909 0.704 0.866 0.728
Improvement [%] – 27.3 – 22.5 – 15.9
mean comfort [m/s2] 0.791 0.662 0.794 0.666 0.789 0.711
Improvement [%] – 16.2 – 16.1 – 9.8
v error max acc. [km/hour] 7.36 7.33 8.04 7.78 7.06 7.5
v error max brak. [km/hour] 4.99 5 5 5 5 5

The improvements are compared to the same controller with time horizon of 1 second (–)
Bold is a positive effect
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7-5 Solving time

As in Section 6-7 for the lateral control, the solving time is now checked for longitudinal
control. The tuning and scenario is the same as in Section 7-2, with a time horizon of
one second. The results can be found in Table 7-8. The controllers all find a solution
within the sample time (<0.04 second).

Table 7-8: Solving times on the double lane change

Controller J1 J2 J3 J4 J5 J6
Maximum of maximums* [s] 0.0102 0.00657 0.0212 0.0153 0.019 0.0387
Mean of maximums* [s] 0.00714 0.00625 0.0135 0.00878 0.0161 0.0379
Mean of means** [s] 0.00502 0.00483 0.00659 0.00502 0.00918 0.0126
Each controller is simulated 11 times, * Maximum of each simulation, ** Mean of each

simulation
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7-6 Summary

Implementing longitudinal acceleration terms (filtered and unfiltered) leads to an in-
crease in comfort. The improvement on mean comfort is ±5% due to penalising the
longitudinal acceleration (filtered and unfiltered) compared to J1. In the velocity sce-
nario the longitudinal acceleration goes up to 5.3 m/s2 for controller J1, therefore the
scenario leads to aggressive accelerations.
In a normal situation the high longitudinal accelerations are not necessary by creating a
velocity profile which takes comfort into account. The increase would be lower than the
5% in normal day driving. In an emergency situation high longitudinal accelerations
could happen, in that case the controller should closely follow the signals. Therefore,
the comfort terms would be kept off or low in order to keep the velocity error low. The
effect of combining the lateral and longitudinal acceleration terms are further researched
in Chapter 8.
In the lower friction case the comfort increase further for controllers J2, J3 and J5.
However, the performance is influenced when the wheels start to lose and gain traction.
Losing traction could lead to unsafe scenarios, creating more conservative constraints
for longitudinal control the controller will not lose traction. To decrease motion sickness
under sensor noise, a penalty should be implemented for either the motion sickness filter
or the longitudinal acceleration.
Increasing the time horizon is beneficial for comfort, both the general discomfort and
motion sickness decreases. When increasing the time horizon the complexity of the
problem grows due to more steps being calculated. The maximum solving time of the
controllers with time horizon of one second are lower than 0.04 seconds. The controllers
could be implemented in real time in a vehicle.
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Chapter 8

Results combined lateral and
longitudinal control

To create a controller which can drive on all scenarios, the lateral and longitudinal
control are combined. The controller should be able to follow a trajectory and velocity
profile safely. Five controllers are tuned and compared.

In the aggressive scenario of Chapter 7 the influence was ±5% on the mean comfort.
Since the controller is not made for emergency handling the velocity profile would not
be aggressive and the influence of the longitudinal acceleration would be lower. In
Sections 8-2 and 8-3 can be found that the longitudinal terms have a small influence
on comfort in the tested scenarios.

The motion sickness filter will decrease motion sickness, when a scenario is created
which generates a lot of motion sickness the controller will out perform the rest. Imple-
menting the motion sickness filter in a real vehicle could help with roads which generates
a lot of motion sickness, for example mountain roads. The general discomfort filter will
help with keeping the general discomfort low.

8-1 Double lane change with velocity shift

To create a scenario where the controller can be tuned for lateral and longitudinal con-
trol, the scenario in Figure 8-1 is created. The scenario is a combination of the double
lane change with a velocity change. The scenario tests both lateral and longitudinal
control. The maximum lateral error allowed is 0.325 meter. The velocity is tuned to
have a max error of 2.5 km/hour. In controllers J1 and J2 the filters are not present.
In controller J3 only the motion sickness filter is implemented and in controllers J4 and
J5 both filters are implemented, see Table 8-11.
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Figure 8-1: Double lane change with velocity shift

Table 8-1: Weights applied on the controllers

Controller J1 J2 J3 J4 J5
wy 50 50 50 50 50
wψ 2700 7620 4500 9720 3500
wv 21 42 57 42 27
w4δ 2.42e6 3.15e6 4.40e6 2.95e6 1.80e6
w4a 280 605 790 610 439
way x 30.7 0 0 0
way,ms x x 255 0 100
way,gd x x x 130 21
wax x 0 0 0 0
wax,ms x x 0 0 0
wax,gd x x x 0 0
x means the term is not implemented in the controller

Discussion

In the results of Table 8-2 controllers J2 and J4 perform well in terms of comfort with
a small advantage over controllers J3 and J5. The velocity error is kept low for all
the controllers to achieve the most comfort. The lateral errors are all at boundary
conditions. In Figure 8-2 the accelerations are plotted for motion sickness and general
discomfort, which shows similar information as Table 8-2.
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Table 8-2: Double lane change with velocity change

Controller J1 J2 J3 J4 J5
Time horizon [s] 1 1 1 1 1
RMS ms [m/s2] 0.881 0.748 0.747 0.757 0.748
Improvement [%] – 15.1 15.2 14.1 15.1
RMS gd [m/s2] 0.703 0.641 0.698 0.628 0.674
Improvement [%] – 8.7 0.7 10.7 4.1
MTVV ms [m/s2] 1.75 1.51 1.55 1.53 1.53
Improvement [%] – 13.8 11.6 12.8 13.1
MTVV gd [m/s2] 1.38 1.34 1.36 1.33 1.39
Improvement [%] – 3.3 1.4 3.7 -0.1
mean comfort [m/s2] 1.18 1.06 1.09 1.06 1.08
Improvement [%] – 10.2 7.7 10.1 8.3
v error max [km/hour] 0.75 0.78 0.779 0.779 0.79
y error max [m] 0.325 0.325 0.325 0.324 0.324
The improvements are compared to the first result column (–)

Bold is a positive effect

Figure 8-2: Accelerations from double lane change with velocity shift, J1 has high motion sickness
discomfort, J1 and J3 high general discomfort
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8-2 Motion sickness

From Section 6-3-2 can be seen that the motion sickness filter performs well compared
to the other controllers in a scenario where a lot of motion sickness is generated. The
controller is tested on a sine-wave path while changing the velocity, see Figure 8-3.
The scenario is driven until the vehicle reaches 600 meters. Both sine waves, path and
velocity, are within the frequencies of motion sickness (±0.2 and ±0.1 Hz), see the
following equations:

Yposition = 1.5 sin(0.4π(t− 5)) (8-1)
Vvelocity = (2.5/3.6) sin(0.2π(t− 5)) + (80/3.6) (8-2)

Figure 8-3: Sine wave for lateral and longitudinal control

Discussion

In Table 8-3 the results can be found. As expected the motion sickness filter leads to
a decrease in motion sickness. To increase the performance further extra terms can be
implemented in the longitudinal control, such as a motion sickness filter. In Chapter
7 penalty on longitudinal acceleration directly has a larger impact on motion sickness.
Due to a different velocity scenario in the sine wave both methods are tested in Section
8-2-1.
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Table 8-3: Sine wave for lateral and longitudinal control

Controller J1 J2 J3 J4 J5
Time horizon [s] 1 1 1 1 1
RMS ms [m/s2] 1.28 0.988 0.887 1.01 0.961
Improvement [%] – 22.9 [30.7] 21.2 [24.9]
RMS gd [m/s2] 0.673 0.53 0.513 0.534 0.532
Improvement [%] – 21.4 23.8 20.7 21
MTVV ms [m/s2] 1.91 1.48 1.33 1.52 1.43
Improvement [%] – 22.6 [30.4] 20.7 [25]
MTVV gd [m/s2] 1.25 1.08 1.12 1.04 1.12
Improvement [%] – 13.5 10.2 16.8 9.9
mean comfort [m/s2] 1.28 1.02 0.963 1.02 1.01
Improvement [%] – 20.3 24.7 19.9 20.8
v error max [km/hour] 0.53 0.495 0.513 0.493 0.5
y error max [m] 0.836 0.312 0.273 0.359 0.294

Improvement due to motion sickness filter [ ]
The improvements are compared to the first result column (–)

Bold is a positive effect

8-2-1 Longitudinal control

For tuning the longitudinal control, the test setup of Figure 8-1 is used. The lateral
control is kept the same, in the longitudinal control a term is added. The term is
tuned until the velocity error grows till 5 km/hour. To test if these terms leads to more
comfort in motion sickness, scenario in Figure 8-3 is used.

Discussion

The results can be found in Table 8-5. In the results can be seen that the longitudinal
tuning has a low influence on performance. The velocity error grows while the comfort
performance stays similar. Adding the extra terms for longitudinal acceleration (filtered
and unfiltered) leads to extra states and a more complex problem while creating only
a small advantage.
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Table 8-4: Weights applied on the controllers

Controller J3 J3,ms,x J3,ax
wy 50 50 50
wψ 4500 4500 4500
wv 57 57 57
w4δ 4400000 4400000 4400000
w4a 790 790 790
way 0 0 0
way,ms 255 255 255
way,gd x x x
wax 0 0 45
wax,ms 0 105 0
wax,gd x x x

x means the term is not implemented in the controller

Table 8-5: Sine wave with different longitudinal terms

Controller J3 J3,ms,x J3,ax
Time horizon [s] 1 1 1
RMS ms [m/s2] 0.887 0.876 0.869
Improvement [%] – 1.3 2.1
RMS gd [m/s2] 0.513 0.506 0.5
Improvement [%] – 1.4 2.6
MTVV ms [m/s2] 1.33 1.28 1.28
Improvement [%] – 3.6 4
MTVV gd [m/s2] 1.12 1.11 1.11
Improvement [%] – 1.3 1.2
mean comfort [m/s2] 0.963 0.943 0.938
Improvement [%] – 2.1 2.6
v error max [km/hour] 0.513 1.82 1.97
y error max [m] 0.273 0.271 0.269

J3,ms,x penalises the longitudinal filtered acceleration for motion sickness
J3,ax penalises the longitudinal acceleration

The improvements are compared to the first result column (–)
Bold is a positive effect
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8-3 General discomfort

To decrease the general discomfort, the filtered longitudinal acceleration for general
discomfort can be penalised. In Chapter 7 could be seen that penalising the longitudinal
acceleration for general discomfort works. To compare the influence of longitudinal
control, controller J4 is penalised three different ways on longitudinal control. One is
the controller J4 from Section 8-2. The other two have a penalty on the longitudinal
acceleration, unfiltered or filtered for general discomfort.
The same scenario as in Figure 8-1 is taken. The velocity error can grow till around
5 km/hour. The effect of the filters are shown in Figures 8-4 and 8-5, with the same
tuning for lateral control as in Section 8-1. As can be seen in the figures the comfort
decrease while the lateral error becomes smaller. Due to the decrease in lateral error
from the longitudinal comfort terms, extra weight can be implemented on the lateral
comfort terms. The extra weight could lead to an increase in comfort. The controllers
are re-tuned after finding the minimum lateral error. The results are found in Table
8-6, with the tuning in Table 8-7.

Figure 8-4: Effect of changing weight ax

Discussion

The advantage of penalising an extra term in longitudinal control is an increase in
comfort. Compared to the lateral control the influence is low. The general discomfort
filter can help with creating more comfort in the frequencies of general discomfort, with
±3% decrease in general discomfort compared to the baseline controller. Longitudinal
control could be used to create safer controllers by creating smaller lateral errors, see
Figures 8-4 and 8-5.
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Figure 8-5: Effect of changing weight ax, gd

Table 8-6: Double lane change with velocity shift

Controller J4 J4,gd,x J4,ax
Time horizon [s] 1 1 1
RMS ms [m/s2] 0.757 0.773 0.727
Improvement [%] – -2.2 3.9
RMS gd [m/s2] 0.628 0.607 0.643
Improvement [%] – 3.3 -2.5
MTVV ms [m/s2] 1.53 1.58 1.53
Improvement [%] – -3 -0.2
MTVV gd [m/s2] 1.33 1.3 1.3
Improvement [%] – 2.8 2.8
mean comfort [m/s2] 1.06 1.06 1.05
Improvement [%] – -0.1 1.1
v error max [km/hour] 0.779 1.76 4.67
y error max [m] 0.324 0.325 0.324

J4,gd,x penalises the longitudinal filtered acceleration for general discomfort
J4,ax penalises the longitudinal acceleration

The improvements are compared to the first result column (–)
Bold is a positive effect
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Table 8-7: Weights applied on the controllers

Controller J4 J4,gd,x J4,ax
wy 50 50 50
wψ 9720 9720 9720
wv 42 42 42
w4δ 2950000 2950000 2950000
w4a 610 610 610
way 0 0 0
way,ms 0 0 0
way,gd 130 150 148
wax 0 0 30
wax,ms 0 0 0
wax,gd 0 342 0
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8-4 Disturbances

Due to the limited influences of the longitudinal acceleration control terms (filtered
and unfiltered), the terms are not implemented in the following section. The tuning
and test scenario is the same as in Section 8-2. Multiple disturbances are tested on
the vehicle (wind, lower friction and sensor noise). In the controller the disturbances
are not modeled, therefore, the controller does not have extra tools to counter the
disturbances.

8-4-1 Friction change

The friction is set from µ = 1 to µ = 0.5 to simulated wet road conditions. The
results are given in Table 8-8. The tire forces are influenced by the friction coefficient
[48]. By keeping the accelerations low in all frequencies the comfort will stay high, and
the tire forces low. By penalising the lateral acceleration directly or using the general
discomfort filter the overall acceleration is kept low. The overall acceleration in this
section is calculated with the unfiltered accelerations, see the following equation:

aw =
√
a2
y + a2

x (8-3)

By penalising only the motion sickness frequency the overall acceleration can increase
due to the increase of acceleration in other frequencies. In Figure 8-6 the overall
accelerations are plotted, controllers J1 and J3 have the highest overall accelerations
on multiple points, which leads to the lowest mean comfort see Table 8-8. Controller
J3 creates a large lateral error which leads to unsafe behaviour. Controller J3 could be
made safe by implementing a small penalty on general discomfort and therefore keeping
the overall acceleration down.

Figure 8-6: Overall acceleration on low friction scenario
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Table 8-8: Double lane change with velocity change, friction change to µ = 0.5

Controller J1 J2 J3 J4 J5
Time horizon [s] 1 1 1 1 1
RMS ms [m/s2] 0.883 0.774 0.813 0.78 0.788
Improvement [%] – 12.4 8 11.7 10.8
RMS gd [m/s2] 0.699 0.659 0.743 0.655 0.687
Improvement [%] – 5.7 -6.3 6.3 1.7
MTVV ms [m/s2] 1.76 1.59 1.7 1.6 1.64
Improvement [%] – 9.9 3.2 9.3 7.1
MTVV gd [m/s2] 1.36 1.4 1.36 1.42 1.41
Improvement [%] – -2.3 0.5 -3.9 -3.3
mean comfort [m/s2] 1.18 1.1 1.15 1.11 1.13
Improvement [%] – 6.2 1.9 5.5 4
v error max [km/hour] 0.749 0.779 0.777 0.778 0.789
y error max [m] 0.321 0.224 0.423 0.227 0.215
The improvements are compared to the first result column (–)

Bold is a positive effect

8-4-2 Wind disturbance

The implementation of wind disturbance can be found in Section 4-2-1. The penalties
on lateral acceleration have a negative reaction on wind disturbances in terms of lateral
error, see Table 8-9. The controllers can not be implemented at this point when wind
disturbances is present. A disturbance observer could help deal with this problem. In
Section 6-5-2 more information is given for the wind disturbance problem.

8-4-3 Sensor noise

The implementation of sensor noise can be found in Section 4-2-1. All the controllers
which penalises a form of the lateral acceleration (filtered and unfiltered) perform well in
terms of comfort, see Table 8-10. Implementing a form of penalty on lateral acceleration
during sensor noise is recommended.
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Table 8-9: Double lane change with velocity change under wind disturbance

Controller J1 J2 J3 J4 J5
Time horizon [s] 1 1 1 1 1
RMS ms [m/s2] 0.88 0.744 0.732 0.753 0.741
Improvement [%] – 15.5 16.9 14.4 15.8
RMS gd [m/s2] 0.701 0.643 0.695 0.633 0.668
Improvement [%] – 8.3 0.9 9.7 4.8
MTVV ms [m/s2] 1.76 1.5 1.51 1.52 1.5
Improvement [%] – 14.8 14.5 13.8 14.8
MTVV gd [m/s2] 1.37 1.35 1.34 1.34 1.38
Improvement [%] – 1.9 2.6 2.3 -0.2
mean comfort [m/s2] 1.18 1.06 1.07 1.06 1.07
Improvement [%] – 10.2 9.4 10 9.1
v error max [km/hour] 0.748 0.768 0.774 0.762 0.782
y error max [m] 0.385 [0.814] [1.05] [0.768] [0.736]

Large lateral error due to penalising accelerations [ ]
The improvements are compared to the first result column (–)

Bold is a positive effect

Table 8-10: Double lane change with velocity change with sensor noise

Controller J1 J2 J3 J4 J5
Time horizon [s] 1 1 1 1 1
RMS ms [m/s2] 0.893 0.757 0.759 0.765 0.758
Improvement [%] – 15.3 15 14.4 15.2
RMS gd [m/s2] 0.751 0.712 0.761 0.709 0.74
Improvement [%] – 5.1 -1.3 5.6 1.5
MTVV ms [m/s2] 1.79 1.53 1.58 1.55 1.55
Improvement [%] – 14.4 11.7 13.5 13.6
MTVV gd [m/s2] 1.51 1.51 1.5 1.51 1.54
Improvement [%] – 0.3 1 0.4 -1.8
mean comfort [m/s2] 1.24 1.13 1.15 1.13 1.15
Improvement [%] – 8.8 7 8.4 7.3
v error max [km/hour] 1.17 1.2 1.21 1.2 1.2
y error max [m] 0.367 0.307 0.36 0.31 0.301

Low influence sensor noise on motion sickness
The improvements are compared to the first result column (–)

Bold is a positive effect
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8-5 Combinations acceleration terms filtered and unfiltered

When penalising filtered accelerations, the acceleration itself needs to be calculated.
Therefore, penalising for example motion sickness and lateral acceleration in one con-
troller does not lead to extra states to calculate. Therefore, two controllers will be
compared which have a combination of filtered and unfiltered penalties on the lateral
acceleration (J7 and J8).

Table 8-11: Weights applied on the controllers

Controller J2 J3 J4 J7 J8
wy 50 50 50 50 50
wψ 7620 4500 9720 6.7e03 9.3e03
wv 42 57 42 53 44
w4δ 3150000 4400000 2950000 5000000 4.5e06
w4a 605 790 610 758 741
way 30.7 0 0 22 38
way,ms x 255 0 154 0
way,gd x x 130 x 12
wax 0 0 0 0 0
wax,ms x 0 0 0 0
wax,gd x x 0 x 0

x means the term is not implemented in the controller

As can be seen in Table 8-12 the results between the controllers are similar. The motion
sickness filter does decrease the RMS motion sickness performance compared to J2. The
general discomfort filter does decrease the general discomfort performance compared
to J2. The differences between the controllers are small.
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Table 8-12: Double lane change, different controllers

Controller J2 J3 J4 J7 J8
Time horizon [s] 1 1 1 1 1
RMS ms [m/s2] 0.748 0.747 0.757 0.746 0.75
Improvement [%] – [0.2] -1.1 [0.3] -0.2
RMS gd [m/s2] 0.641 0.698 0.628 0.648 0.632
Improvement [%] – -8.8 (2.1) -1.1 (1.5)
MTVV ms [m/s2] 1.51 1.55 1.53 1.52 1.52
Improvement [%] – [-2.6] -1.1 [-0.8] -0.4
MTVV gd [m/s2] 1.34 1.36 1.33 1.33 1.32
Improvement [%] – -1.9 (0.5) 1.1 (1.5)
mean comfort [m/s2] 1.06 1.09 1.06 1.06 1.05
Improvement [%] – -2.8 -0.1 -0.1 0.5
v error max [km/hour] 0.78 0.779 0.779 0.788 0.799
y error max [m] 0.325 0.325 0.324 0.325 0.325

Motion sickness filter implemented [ ]
General discomfort filter implemented ( )

The improvements are compared to the first result column –
Bold is a positive effect
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8-6 Solving time

To test if the controller could be implemented, the solving time is measured. The
tuning and scenario of Section 8-2 are used with a time horizon of 1 second. Since the
longitudinal accelerations (filtered and unfiltered) are not penalized, the controllers are
tested without the terms implemented, see Table 8-14. The test is simulated eleven
times and the maximum and mean solving times are saved. The results can be found
in Table 8-13. All the controllers are within sampling time (<0.04 second).

Table 8-13: Solving times on the double lane change with velocity change

Controller J1 J2 J3 J4 J5
Maximum of maximums* [s] 0.00849 0.01 0.0119 0.0264 0.0149
Mean of maximums* [s] 0.00825 0.00953 0.0116 0.017 0.0133
Mean of means** [s] 0.0062 0.00707 0.00784 0.01 0.00961

Each controller is simulated 11 times, * Maximum of each simulation, ** Mean of each
simulation

Table 8-14: Weights applied on the controllers

Controller J1 J2 J3 J4 J5
wy 50 50 50 50 50
wψ 2700 7620 4500 9720 3500
wv 21 42 57 42 27
w4δ 2.42e6 3.15e6 4.40e6 2.95e6 1.80e6
w4a 280 605 790 610 439
way x 30.7 0 0 0
way,ms x x 255 0 100
way,gd x x x 130 21
wax x x x x x
wax,ms x x x x x
wax,gd x x x x x
x means the term is not implemented in the controller

8-7 Summary

The motion sickness filter improves the motion sickness comfort. If the motion sickness
controller (J3) is implemented in a scenario which creates a lot of motion sickness the
controller will out perform the other methods, see Section 8-2. The mean comfort of the
controller with the motion sickness filter improves with 24.7% compared to the basic
controller (J1). The highest decrease for RMS motion sickness is 30.7% compared to
the basic controller (J1). The general discomfort filter does decrease general discomfort.
The highest improvement of the general discomfort filter is on the scenario of Figure
8-1 with a decrease of 10.7% on the RMS for general discomfort compared to the basic
controller (J1).
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The longitudinal acceleration terms (filtered and unfiltered) have only a small effect.
Implementing the terms makes the controller more complex. The terms could have a
positive effect on the lateral error, see Section 8-3. If the controller should be safer the
terms could help by keeping the lateral deviation low. The longitudinal control could
have more effect when the problem described in Section 6-4-1 is solved. The problem
is an increase in velocity to minimize the lateral cost, causing the controller to increase
velocity before a corner when low longitudinal weights were given.
To keep a high performance under low friction the overall acceleration should be kept
low. This can be done by penalising the accelerations directly or using a correct filter.
Under wind disturbances penalising a form of lateral acceleration is not recommended
due to an increase of lateral error, further research is recommended. When sensor
noise is applied penalising a form of lateral acceleration is recommended (filtered or
unfiltered), which keeps the comfort high.
The maximum solving time of the controllers are low enough to be implemented in a
real vehicle (< 0.04 seconds).
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Chapter 9

Conclusion and future work

9-1 Conclusion

To minimize discomfort, accelerations in the frequency of motion sickness and general
discomfort must be minimized. Therefore, an MPC is built which filters the predicted
accelerations for motion sickness and general discomfort and penalises them. Since the
MPC can use both the steering wheel and throttle/brake, the longitudinal and lateral
accelerations can be penalised. The MPC uses the Forces pro solver [46, 47], the solver
is able to find a solution within the sample time, the test is done with a time horizon
of one second and a sampling time of 0.04 seconds.
The penalties on the filtered accelerations for motion sickness and general discomfort
prove to work. When driving on a road which creates high motion sickness, the motion
sickness filter can bring the discomfort down (both general discomfort and motion
sickness). In Section 8-2 the motion sickness controller drives on a sine wave of the
frequency of motion sickness, the root-mean-square of motion sickness decreases with
30.7% and the root-mean-square of general discomfort with 23.8% compared to the
basic controller. The improvements of the general discomfort filter are of lower nature.
In Section 8-2 the root-mean-square for general discomfort on the double lane change
decreases with 10.7% compared to the basic controller. The comfort can be further
increased by increasing the time horizon. However, increasing the time horizon leads
to a more complex problem.
Implementing the filters on the longitudinal acceleration does not lead to a significant
increase in comfort. Even if the velocity signal is made aggressive the improvement
of mean comfort is around ±5%. In normal day driving the velocity profile would be
less aggressive and the increase in comfort would be lower. Implementing one filter on
the longitudinal acceleration leads to an increase of 4 states, and implementing both
filters to 7 states. Therefore, implementing the filters lead to a more complex problem
without generating significant improvements in comfort. The filters can have a positive
effect on safety by creating a lower lateral deviation, see Section 8-3.
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A drawback from using the filters is a large lateral error under wind disturbance which
leads to unsafe road behaviour. When implementing the controller in a real vehicle the
lateral error should be kept low to stay within the lane. When sensor noise is applied
the controllers are able to keep the motion sickness low. The motion sickness is less
effected by the high frequency noise due to the difference in the frequencies. When
driving on low friction the overall acceleration should be kept low on all frequencies.
Through using the motion sickness filter the controller could generate high accelerations
in other frequencies and increasing the overall acceleration. Therefore, penalising the
acceleration directly is effective due to keeping accelerations low in all frequencies.
In the end passengers should decide what kind of controller should be implemented.
If the passengers find motion sickness or general discomfort more important, the pas-
sengers should select the controller which minimizes the selected comfort, or a certain
ratio between motion sickness and general discomfort.

9-2 Future work

The filters do have positive effect on comfort. Implementing the filters in a vehicle
could increase the comfort for the passengers. To create even more comfort and safety
there are still topics to be researched further.

9-2-1 Tuning

The tuning of the controllers can become time consuming. In the case of Chapter 8
each controller has multiple weights which all need to be tuned. To make the problem
easier a nonlinear tuning optimization algorithm should be written. The grid search
approach is time consuming, the number of simulations grows exponential with every
new variable weight.
Another problem with tuning is that for every person comfort is different. Different
weights could be set for motion sickness and/or for general discomfort. Multiple con-
trollers could be made in the future where the passengers can select their optimal mode
for the vehicle and road ahead.

9-2-2 Safety controller

The controllers made in this thesis are controllers which use a bicycle model with a
linear tire model and are maximized for comfort. The controllers will not be optimal
when pushing the vehicle to the handling limits. When reaching the handling limits tire
forces becomes nonlinear and will behave differently than in the current model. The
comfort terms will have a negative effect on emergency handling due to increasing the
lateral error. Therefore, a safety controller is proposed. The safety controller should
be able to gain control of the vehicle in emergency scenarios and handle the vehicle
accordingly.
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9-2-3 Disturbance observer

The controllers that penalise the accelerations have a high lateral error under wind
disturbance, which leads to unsafe behaviour. A decrease in lateral error could be made
by implementing a disturbance observer. A disturbance observer could also increase
the performance under sensor noise.

9-2-4 Soft/hard boundary constraints

The controllers reaches the lateral limits on only a few points of the track. By creating
soft or hard constraints on the lateral deviation the comfort terms could be increased
and therefore the comfort. The controllers will be able to have larger lateral errors on
other parts of the path without crossing the constraints.

9-2-5 Velocity problem

If there are no or low penalties on the velocity weights, the controller wants to accelerate
when a curvature is present, see Section 6-4-1. The controller does not penalise the
longitudinal position and has constant reference terms. Due to not penalising the
longitudinal position the controller does not care where the vehicle is as long as the
lateral error is minimized on the time step. The reference terms in the controller should
change when the velocity changes this will lead to a more complex problem.

9-2-6 Real world test

To see how well the controller really works, tests needs to be done on a real vehicle. Real
people could give an indication of the increase or decrease of comfort. With simulations
only an idea of comfort and tracking can be given. The real world will differ from the
simulations.
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Appendix A

Vehicle model

A-1 Dynamic bicycle model

m(ẍ− ẏψ̇) = −Fxf cos(δf)− Fyf sin(δf)− Fxr (A-1)
m(ÿ + ẋψ̇) = Fyf cos(δf)− Fxf sin(δf) + Fyr (A-2)

Izψ̈ = Lf(Fyf cos(δf)− Fxf sin(δf))− LrFyr (A-3)

Which leads to:

ẍ = − 1
m
Fxf cos(δf)−

1
m
Fyf sin(δf)−

1
m
Fxr + ẏψ̇ (A-4)

ÿ = 1
m
Fyf cos(δf)−

1
m
Fxf sin(δf) + 1

m
Fyr − ẋψ̇ (A-5)

ψ̈ = 1
Iz
Lf(Fyf cos(δf)− Fxf sin(δf))−

1
Iz
LrFyr (A-6)

The longitudinal control value is divided by mass to create a smaller number, in the
vehicle the number converted back:

cx,f = Fxf

m
(A-7)

cx,r = Fxr

m
(A-8)

Which leads to:

ẍ = −cx,f cos(δf)−
1
m
Fyf sin(δf)− cx,r + ẏψ̇ (A-9)

ÿ = 1
m
Fyf cos(δf)− cx,f sin(δf) + 1

m
Fyr − ẋψ̇ (A-10)

ψ̈ = 1
Iz
Lf(Fyf cos(δf)− cx,f m sin(δf))−

1
Iz
LrFyr (A-11)
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With the tire forces:

Fyf = −Cαfαf (A-12)
Fyr = −Cαrαr (A-13)

αf = ẏ + Lfψ̇

ẋ
− δf (A-14)

αr = ẏ − Lrψ̇

ẋ
(A-15)

Fyf = −Cαf(
ẏ + Lfψ̇

ẋ
− δf) (A-16)

Fyr = −Cαr(
ẏ − Lrψ̇

ẋ
) (A-17)

Which leads to:

ẍ = −cx,f cos(δf)−
1
m

(−Cαf(
ẏ + Lfψ̇

ẋ
− δf)) sin(δf)− cx,r + ẏψ̇ (A-18)

ÿ = 1
m

(−Cαf(
ẏ + Lfψ̇

ẋ
− δf)) cos(δf)− cx,f sin(δf) + 1

m
(−Cαr(

ẏ − Lrψ̇

ẋ
))− ẋψ̇ (A-19)

ψ̈ = 1
Iz
Lf((−Cαf(

ẏ + Lfψ̇

ẋ
− δf)) cos(δf)− cx,f m sin(δf))−

1
Iz
Lr(−Cαr(

ẏ − Lrψ̇

ẋ
))
(A-20)

which leads to:

ẍ = −cx,f cos(δf) + 1
m
Cαf(

ẏ + Lfψ̇

ẋ
) sin(δf)−

1
m
Cαfδf sin(δf)− cx,r + ẏψ̇ (A-21)

ÿ = − 1
m
Cαf(

ẏ + Lfψ̇

ẋ
) cos(δf) + 1

m
Cαfδf cos(δf)− cx,f sin(δf)−

1
m
Cαr(

ẏ − Lrψ̇

ẋ
)− ẋψ̇

(A-22)

ψ̈ = − 1
Iz
LfCαf(

ẏ + Lfψ̇

ẋ
) cos(δf) + 1

Iz
LfCαfδf cos(δf)−

1
Iz
Lfcx,fm sin(δf) + 1

Iz
LrCαr(

ẏ − Lrψ̇

ẋ
)

(A-23)

which leads to:

ẍ = −cx,f cos(δf) + Cαf
m

( ẏ + Lfψ̇

ẋ
) sin(δf)−

Cαf
m
δf sin(δf)− cx,r + ẏψ̇ (A-24)

ÿ = −Cαf
m

( ẏ + Lfψ̇

ẋ
) cos(δf) + Cαf

m
δf cos(δf)− cx,f sin(δf)−

Cαr
m

( ẏ − Lrψ̇

ẋ
)− ẋψ̇ (A-25)

ψ̈ = −LfCαf
Iz

( ẏ + Lfψ̇

ẋ
) cos(δf) + LfCαf

Iz
δf cos(δf)−

Lf

Iz
cx,fm sin(δf) + LrCαr

Iz
( ẏ − Lrψ̇

ẋ
)

(A-26)
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With:

δf = δf +4δf (A-27)
cx,f = cx,f +4cx,f (A-28)
cx,r = cx,r +4cx,r (A-29)

ẍ = −(cx,f +4cx,f) cos(δf +4δf) + Cαf
m

( ẏ + Lfψ̇

ẋ
) sin(δf +4δf) . . .

− Cαf
m

(δf +4δf) sin(δf +4δf)− (cx,r +4cx,r) + ẏψ̇ (A-30)

ÿ = −Cαf
m

( ẏ + Lfψ̇

ẋ
) cos(δf +4δf) + Cαf

m
(δf +4δf) cos(δf +4δf) . . .

− (cx,f +4cx,f) sin(δf +4δf)−
Cαr
m

( ẏ − Lrψ̇

ẋ
)− ẋψ̇ (A-31)

ψ̈ = −LfCαf
Iz

( ẏ + Lfψ̇

ẋ
) cos(δf +4δf) + LfCαf

Iz
(δf +4δf) cos(δf +4δf) . . .

− Lf

Iz
(cx,f +4cx,f)m sin(δf +4δf) + LrCαr

Iz
( ẏ − Lrψ̇

ẋ
) (A-32)
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Appendix B

Results

The full results are given in this chapter of the appendix. When the term is not
implemented in the cost function, the cost of that weight is set to zero.

B-1 Result influence lateral control

B-1-1 Double lane change 80 km/hour
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Table B-1: Double lane change 80 km/hour

Controller J1 J2 J3 J4 J5 J6
Time horizon [s] 1 1 1 1 1 1
RMS ms [m/s2] 0.738 0.66 0.636 0.67 0.644 0.761
Improvement [%] – 10.6 13.9 9.2 12.8 -3.1
RMS gd [m/s2] 0.701 0.654 0.687 0.65 0.677 1.29
Improvement [%] – 6.7 2 7.3 3.4 -84.5
MTVV ms [m/s2] 1.49 1.35 1.3 1.37 1.32 1.51
Improvement [%] – 9.3 12.3 7.9 11.5 -1.4
MTVV gd [m/s2] 1.25 1.15 1.22 1.13 1.21 2.1
Improvement [%] – 7.5 2.2 9.3 3.3 -68.1
mean comfort [m/s2] 1.04 0.954 0.962 0.955 0.961 1.42
Improvement [%] – 8.6 7.8 8.5 7.9 -35.6
y error max [m] 0.3 0.299 0.3 0.3 0.3 0.292
v error max [km/hour] 0.0529 0.0497 0.0509 0.0505 0.0507 0.0921
Weight cost y 5.44e4 3.33e4 2.86e4 3.59e4 3.01e4 7.04e4
Weight cost psi 2611 6255 4777 7700 3033 3300
Weight cost v 1.08e5 1.07e5 1.07e5 1.07e5 1.07e5 1.01e5
Weight cost 4δ 1411 2100 2388 2444 1244 0
Weight cost 4a 2.66e4 2.65e4 2.65e4 2.64e4 2.65e4 2.44e4
Weight cost ms 0 0 2.79e4 0 1.44e4 0
Weight cost gd 0 0 0 9055 925 0
Weight cost ay 0 3055 0 0 0 0

Improvement compared to the baseline controller J1 (–)
Bold is a positive effect
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B-1-2 Increase time horizon motion sickness

Table B-2: Double lane change 80 km/hour

Controller J3 J3 J3 J3
Time horizon [s] 1 2 2 5
Sample time [s] 0.04 0.04 0.10 0.10
RMS ms [m/s2] 0.667 0.673 0.678 0.667
Improvement [%] – -0.9 -1.7 0
RMS gd [m/s2] 0.721 0.56 0.568 0.545
Improvement [%] – 22.2 21.1 24.3
MTVV ms [m/s2] 1.3 1.32 1.33 1.3
Improvement [%] – -1 -1.6 0.1
MTVV gd [m/s2] 1.22 0.971 0.993 0.959
Improvement [%] – 20.4 18.6 21.4
mean comfort [m/s2] 0.978 0.88 0.891 0.869
Improvement [%] – 10 8.9 11.2
y error max [m] 0.3 0.298 0.297 0.298
v error max [km/hour] 0.0509 0.048 0.0906 0.0911
Weight cost y 2.86e4 6.51e5 9.91e4 2.76e6
Weight cost psi 4777 7400 9511 15900
Weight cost v 1.07e5 1.07e5 5.20e4 5.19e4
Weight cost 4δ 2388 3011 3222 4400
Weight cost 4a 2.65e4 2.64e4 9644 9777
Weight cost ms 2.78e4 7944 9577 1.15e4
Weight cost gd 0 0 0 0
Weight cost ay 0 0 0 0

The improvements are compared to the first result column (–)
Bold is a positive effect

B-1-3 Sine wave motion sickness
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Table B-3: One period of the sine wave at 80 km/hour

Controller J1 J2 J3 J4 J5 J6
Time horizon [s] 1 1 1 1 1 1
RMS ms [m/s2] 0.93 0.83 0.767 0.847 0.793 0.931
Improvement [%] – 10.7 17.6 8.9 14.7 0
RMS gd [m/s2] 0.413 0.366 0.339 0.374 0.35 0.459
Improvement [%] – 11.3 18 9.5 15.3 -11.1
MTVV ms [m/s2] 1.22 1.1 1.01 1.12 1.05 1.23
Improvement [%] – 10.4 17.2 8.6 14.4 -0.1
MTVV gd [m/s2] 0.528 0.482 0.442 0.495 0.459 0.609
Improvement [%] – 8.7 16.2 6.2 13 -15.4
mean comfort [m/s2] 0.774 0.694 0.64 0.709 0.663 0.806
Improvement [%] – 10.3 17.2 8.4 14.4 -4.1
y error max [m] 0.174 0.178 0.25 0.162 0.216 0.386
v error max [km/hour] 0.0462 0.0448 0.0441 0.0451 0.0443 0.0403
Weight cost y 3.01e4 1.85e4 1.11e4 2.05e4 1.37e4 4.07e4
Weight cost psi 377 1366 1733 1566 924 1300
Weight cost v 7044 6799 6688 6822 6700 4022
Weight cost 4δ 351 529 539 698 311 0
Weight cost 4a 1777 1699 1699 1699 1699 866
Weight cost ms 0 0 1.88e4 0 1.01e4 0
Weight cost gd 0 0 0 3944 361 0
Weight cost ay 0 1533 0 0 0 0

The improvements are compared to the first result column (–)
Bold is a positive effect
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Table B-4: Double lane change with same tuning and different velocities

Controller J3 J3 J3
Time horizon [s] 1 1 1
Velocity double lane change [km/hour] 80 60 40
RMS ms [m/s2] 0.636 0.378 0.168
Improvement [%] – 40.6 73.6
RMS gd [m/s2] 0.687 0.387 0.0914
Improvement [%] – 43.6 86.7
MTVV ms [m/s2] 1.3 0.704 0.317
Improvement [%] – 46 75.7
MTVV gd [m/s2] 1.22 0.758 0.209
Improvement [%] – 37.8 82.8
mean comfort [m/s2] 0.962 0.557 0.197
Improvement [%] – 42.1 79.6
y error max [m] 0.3 0.484 0.972
v error max [km/hour] 0.0509 0.046 0.0428
Weight cost y 28600 28600 100000
Weight cost psi 4777 9744 39900
Weight cost v 107000 125000 192000
Weight cost 4δ 2388 2666 1711
Weight cost 4a 26500 30200 41200
Weight cost ms 27800 113000 265000
Weight cost gd 0 0 0
Weight cost ay 0 0 0

Increase in lateral error when the controller is not re-tuned for different velocities
The improvement is compared to the first result column (–)

Bold is a positive effect

Master of Science Thesis Quirinus Wilhelmus Adrianus van der Slot



100 Results

Table B-5: Sine wave at 60 km/hour

Controller J1 J3
Time horizon [s] 1 1
RMS ms [m/s2] 0.931 0.737
Improvement [%] – 20.9
RMS gd [m/s2] 0.443 0.324
Improvement [%] – 26.9
MTVV ms [m/s2] 1.22 0.971
Improvement [%] – 20.4
MTVV gd [m/s2] 0.493 0.423
Improvement [%] – 14.1
mean comfort [m/s2] 0.772 0.614
Improvement [%] – 20.5
y error max [m] 0.255 0.324
v error max [km/hour] 0.05 0.0471
Weight cost y 5.20e4 1.30e4
Weight cost psi 2844 7522
Weight cost v 7833 7155
Weight cost 4δ 815 2277
Weight cost 4a 1833 1733
Weight cost ms 0 1.43e5
Weight cost gd 0 0
Weight cost ay 0 0

The improvement is compared to the first result column (–)
Bold is a positive effect

Quirinus Wilhelmus Adrianus van der Slot Master of Science Thesis



B-1 Result influence lateral control 101

B-1-4 Friction change

Table B-6: Double lane change 80 km/hour with µ = 0.5

Controller J1 J2 J3 J4 J5 J6
Time horizon [s] 1 1 1 1 1 1
RMS ms [m/s2] 0.735 0.674 0.664 0.682 0.662 0.751
Improvement [%] – 8.3 9.7 7.2 10 -2.2
RMS gd [m/s2] 0.691 0.669 0.686 0.672 0.678 1.22
Improvement [%] – 3.2 0.8 2.8 1.9 -77.2
MTVV ms [m/s2] 1.48 1.37 1.36 1.39 1.35 1.5
Improvement [%] – 7.2 8.2 6.1 8.8 -1.2
MTVV gd [m/s2] 1.22 1.18 1.22 1.18 1.21 2.01
Improvement [%] – 2.6 -0.2 3.2 0.8 -65.5
mean comfort [m/s2] 1.03 0.975 0.982 0.98 0.974 1.37
Improvement [%] – 5.4 4.7 4.9 5.5 -33.1
y error max [m] 0.387 0.273 0.29 0.273 0.292 0.371
v error max [km/hour] 0.0511 0.0495 0.0503 0.0499 0.0499 0.0605
Weight cost y 5.76e4 3.56e4 3.17e4 3.77e4 3.29e4 7.38e4
Weight cost psi 2811 6077 4099 7300 2833 3722
Weight cost v 1.08e5 1.07e5 1.07e5 1.07e5 1.07e5 9.95e4
Weight cost 4δ 1455 2299 2433 2633 1277 0
Weight cost 4a 2.66e4 2.65e4 2.65e4 2.65e4 2.65e4 2.42e4
Weight cost ms 0 0 1.76e4 0 9077 0
Weight cost gd 0 0 0 6944 709 0
Weight cost ay 0 2266 0 0 0 0

The improvements are compared to the first result column (–)
Bold is a positive effect
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B-1-5 Wind disturbance

Table B-7: Double lane change 80 km/hour with wind disturbance

Controller J1 J2 J3 J4 J5 J6
Time horizon [s] 1 1 1 1 1 1
RMS ms [m/s2] 0.739 0.661 0.634 0.671 0.644 0.782
Improvement [%] – 10.6 14.2 9.2 12.9 -5.8
RMS gd [m/s2] 0.715 0.651 0.689 0.647 0.673 1.86
Improvement [%] – 9 3.6 9.5 5.9 -160
MTVV ms [m/s2] 1.5 1.35 1.29 1.37 1.31 1.52
Improvement [%] – 10 13.7 8.6 12.4 -1.6
MTVV gd [m/s2] 1.3 1.14 1.2 1.12 1.18 3.33
Improvement [%] – 12.5 7.3 13.9 9.5 -156
mean comfort [m/s2] 1.06 0.949 0.955 0.951 0.951 1.87
Improvement [%] – 10.7 10.1 10.5 10.5 -76.3
y error max [m] 0.504 0.609 0.688 0.553 0.499 0.473
v error max [km/hour] 0.0523 0.0509 0.052 0.0518 0.0506 0.124
Weight cost y 7.86e4 1.12e5 1.24e5 9.86e4 9.40e4 1.24e5
Weight cost psi 2677 6533 5400 8055 3388 7277
Weight cost v 1.08e5 1.07e5 1.07e5 1.07e5 1.07e5 1.04e5
Weight cost 4δ 1466 2200 2788 2644 1433 0
Weight cost 4a 2.66e4 2.65e4 2.65e4 2.65e4 2.65e4 2.57e4
Weight cost ms 0 0 3.66e4 0 1.89e4 0
Weight cost gd 0 0 0 1.16e4 1155 0
Weight cost ay 0 4744 0 0 0 0

The improvements are compared to the first result column (–)
Bold is a positive effect
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B-1-6 Sensor noise

Table B-8: Double lane change 80 km/hour with sensor noise

Controller J1 J2 J3 J4 J5 J6
Time horizon [s] 1 1 1 1 1 1
RMS ms [m/s2] 0.728 0.651 0.625 0.661 0.634 0.704
Improvement [%] – 10.6 14.1 9.3 12.9 3.4
RMS gd [m/s2] 0.684 0.659 0.669 0.662 0.671 2.11
Improvement [%] – 3.7 2.2 3.3 1.9 -209
MTVV ms [m/s2] 1.46 1.33 1.28 1.35 1.3 1.41
Improvement [%] – 9.2 12.5 7.8 11.4 3.8
MTVV gd [m/s2] 1.22 1.19 1.25 1.19 1.23 3.83
Improvement [%] – 2.4 -2.6 2.4 -0.6 -214
mean comfort [m/s2] 1.02 0.958 0.957 0.966 0.957 2.01
Improvement [%] – 6.5 6.6 5.7 6.5 -96.5
y error max [m] 0.258 0.262 0.309 0.263 0.265 0.32
v error max [km/hour] 0.0528 0.0514 0.052 0.0512 0.0519 0.143
Weight cost y 5.35e4 3.39e4 2.74e4 3.66e4 2.95e4 8.10e4
Weight cost psi 5322 1.47e4 1.02e4 1.80e4 6888 2.16e4
Weight cost v 1.08e5 1.07e5 1.07e5 1.07e5 1.07e5 1.07e5
Weight cost 4δ 2288 4522 3800 5322 2266 0
Weight cost 4a 2.65e4 2.64e4 2.64e4 2.64e4 2.64e4 2.79e4
Weight cost ms 0 0 2.81e4 0 1.48e4 0
Weight cost gd 0 0 0 1.19e4 1099 0
Weight cost ay 0 4122 0 0 0 0

The improvements are compared to the first result column (–)
Bold is a positive effect
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B-1-7 Influences of the time horizon

Table B-9: Double lane change 80 km/hour with different time horizons

Controller J1 J1 J2 J2 J4 J4
Time horizon [s] 1 2 1 2 1 2
Sample time [s] 0.04 0.04 0.04 0.04 0.04 0.04
RMS ms [m/s2] 0.738 0.704 0.66 0.657 0.67 0.674
Improvement [%] – 4.7 – 0.5 – -0.6
RMS gd [m/s2] 0.701 0.557 0.654 0.532 0.65 0.537
Improvement [%] – 20.5 – 18.7 – 17.3
MTVV ms [m/s2] 1.49 1.43 1.35 1.35 1.37 1.38
Improvement [%] – 4.1 – -0.1 – -0.9
MTVV gd [m/s2] 1.25 0.997 1.15 0.951 1.13 0.952
Improvement [%] – 20.1 – 17.6 – 15.8
mean comfort [m/s2] 1.04 0.921 0.954 0.873 0.955 0.886
Improvement [%] – 11.7 – 8.6 – 7.2
y error max [m] 0.3 0.299 0.299 0.3 0.3 0.3
v error max [km/hour] 0.0529 0.0501 0.0497 0.0487 0.0505 0.0497
Weight cost y 5.44e4 8.28e5 3.33e4 7.05e5 3.59e4 7.55e5
Weight cost psi 2611 9277 6255 2.74e4 7700 2.79e4
Weight cost v 1.08e5 1.07e5 1.07e5 1.07e5 1.07e5 1.07e5
Weight cost 4δ 1411 5877 2100 1.80e4 2444 2.08e4
Weight cost 4a 2.66e4 2.65e4 2.65e4 2.65e4 2.64e4 2.65e4
Weight cost ms 0 0 0 0 0 0
Weight cost gd 0 0 0 0 9033 1.08e4
Weight cost ay 0 0 3055 5577 0 0

The improvements are compared to the same controller with time horizon of 1 second (–)
Bold is a positive effect
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B-2 Results influence longitudinal control

B-2-1 Velocity profile

Table B-10: Velocity profile

Controller J1 J2 J3 J4 J5 J6
Time horizon [s] 1 1 1 1 1 1
RMS ms [m/s2] 0.67 0.593 0.616 0.64 0.608 0.709
Improvement [%] – 11.5 8 4.5 9.2 -5.8
RMS gd [m/s2] 0.357 0.354 0.345 0.338 0.335 0.676
Improvement [%] – 1 3.4 5.3 6.3 -89.3
MTVV ms [m/s2] 1.37 1.26 1.3 1.31 1.27 1.63
Improvement [%] – 7.8 4.5 4.1 6.8 -19.7
MTVV gd [m/s2] 0.937 0.958 0.909 0.866 0.902 1.74
Improvement [%] – -2.2 3 7.6 3.7 -86.3
mean comfort [m/s2] 0.832 0.791 0.794 0.789 0.779 1.19
Improvement [%] – 5 4.7 5.3 6.4 -43.1
v error max acc. [km/hour] 8.58 7.36 8.04 7.06 7.2 7.56
v error max brak. [km/hour] 5 4.99 5 5 5 2.32
y error max [m] 0 0 0 0 0 0
Weight cost y 0 0 0 0 0 0
Weight cost psi 0 0 0 0 0 0
Weight cost v 4.52e4 5.13e4 3.10e4 2.78e4 2.57e4 1.03e4
Weight cost 4δ 0 0 0 0 0 0
Weight cost 4a 2.01e4 208 1.10e4 1.09 1.11 0
Weight cost ms y 0 0 0 0 0 0
Weight cost gd y 0 0 0 0 0 0
Weight cost ay 0 0 0 0 0 0
Weight cost ms x 0 0 51800 0 708000 0
Weight cost gd x 0 0 0 179 116 0
Weight cost ax 0 7.52e4 0 0 0 0

The improvements are compared to the first result column (–)
Bold is a positive effect
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B-2-2 Friction change

Table B-11: Velocity profile with µ = 0.5

Controller J1 J2 J3 J4 J5 J6
Time horizon [s] 1 1 1 1 1 1
RMS ms [m/s2] 0.633 0.554 0.58 0.611 0.58 0.65
Improvement [%] – 12.5 8.4 3.4 8.4 -2.6
RMS gd [m/s2] 0.367 0.302 0.333 0.342 0.331 0.663
Improvement [%] – 17.9 9.3 6.9 10 -80.5
MTVV ms [m/s2] 1.48 1.26 1.3 1.43 1.29 1.6
Improvement [%] – 14.9 11.8 3.4 12.8 -8.5
MTVV gd [m/s2] 1.23 0.917 0.995 1.2 1.13 1.9
Improvement [%] – 25.5 19.1 2.4 8 -54.5
mean comfort [m/s2] 0.928 0.758 0.803 0.896 0.833 1.2
Improvement [%] – 18.3 13.4 3.4 10.2 -29.9
v error max acc. [km/hour] 12.2 11.7 11.8 11.6 11.4 12.4
v error max brak. [km/hour] 5 4.99 5 5 5 3.75
y error max [m] 0 0 0 0 0 0
Weight cost y 0 0 0 0 0 0
Weight cost psi 0 0 0 0 0 0
Weight cost v 6.02e4 6.47e4 4.64e4 4.75e4 4.31e4 3.25e4
Weight cost 4δ 0 0 0 0 0 0
Weight cost 4a 1.84e4 234 1.09e4 1.21 1.22 0
Weight cost ms y 0 0 0 0 0 0
Weight cost gd y 0 0 0 0 0 0
Weight cost ay 0 0 0 0 0 0
Weight cost ms x 0 0 5.74e4 0 7.94e5 0
Weight cost gd x 0 0 0 200 137 0
Weight cost ax 0 7.98e4 0 0 0 0

The improvements are compared to the first result column (–)
Bold is a positive effect
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Table B-12: Velocity profile with µ = 0.5, Longitudinal control value constraint by maximum of
3.0

Controller J1 J2 J3 J4 J5 J6
Time horizon [s] 1 1 1 1 1 1
RMS ms [m/s2] 0.622 0.567 0.582 0.603 0.577 0.656
Improvement [%] – 8.9 6.4 3.2 7.2 -5.3
RMS gd [m/s2] 0.312 0.305 0.302 0.291 0.288 0.554
Improvement [%] – 2.2 3.2 6.6 7.7 -77.5
MTVV ms [m/s2] 1.37 1.26 1.3 1.31 1.27 1.6
Improvement [%] – 7.9 4.5 4.1 6.9 -17.4
MTVV gd [m/s2] 0.939 0.917 0.911 0.821 0.826 1.36
Improvement [%] – 2.3 2.9 12.5 12 -45.2
mean comfort [m/s2] 0.81 0.762 0.775 0.757 0.741 1.04
Improvement [%] – 5.9 4.3 6.6 8.5 -28.9
v error max acc. [km/hour] 11.3 10.5 10.8 10.2 10.2 11.2
v error max brak. [km/hour] 5 4.99 5 5 5 3.75
y error max [m] 0 0 0 0 0 0
Weight cost y 0 0 0 0 0 0
Weight cost psi 0 0 0 0 0 0
Weight cost v 71600 74900 59100 51900 49700 51000
Weight cost 4δ 0 0 0 0 0 0
Weight cost 4a 14400 196 8066 0.976 1 0
Weight cost ms y 0 0 0 0 0 0
Weight cost gd y 0 0 0 0 0 0
Weight cost ay 0 0 0 0 0 0
Weight cost ms x 0 0 46700 0 45200 0
Weight cost gd x 0 0 0 20800 13500 0
Weight cost ax 0 75500 0 0 0 0

The improvements are compared to the first result column (–)
Bold is a positive effect
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B-2-3 Sensor noise

Table B-13: Velocity profile with sensor noise

Controller J1 J2 J3 J4 J5 J6
Time horizon [s] 1 1 1 1 1 1
RMS ms [m/s2] 0.663 0.62 0.613 0.678 0.645 0.808
Improvement [%] – 6.4 7.6 -2.2 2.8 -21.9
RMS gd [m/s2] 0.353 0.423 0.344 0.368 0.378 0.842
Improvement [%] – -20 2.3 -4.3 -7.3 -139
MTVV ms [m/s2] 1.31 1.27 1.26 1.31 1.28 1.62
Improvement [%] – 3.3 4.3 0.4 2.6 -23.4
MTVV gd [m/s2] 0.942 0.951 0.916 0.819 0.892 1.54
Improvement [%] – -1 2.7 13.1 5.3 -64
mean comfort [m/s2] 0.817 0.816 0.782 0.793 0.798 1.2
Improvement [%] – 0.2 4.3 3 2.3 -47.3
v error max acc. [km/hour] 8.38 8.17 8 7.66 7.58 8.79
v error max brak. [km/hour] 4.92 5.37 4.98 6.02 5.89 4.54
y error max [m] 0 0 0 0 0 0
Weight cost y 0 0 0 0 0 0
Weight cost psi 0 0 0 0 0 0
Weight cost v 7.61e4 8.11e4 5.88e4 7.01e4 6.07e4 7.13e4
Weight cost 4δ 0 0 0 0 0 0
Weight cost 4a 2.94e4 550 1.95e4 2.05 2.1 0
Weight cost ms y 0 0 0 0 0 0
Weight cost gd y 0 0 0 0 0 0
Weight cost ay 0 0 0 0 0 0
Weight cost ms x 0 0 52000 0 718000 0
Weight cost gd x 0 0 0 317 218 0
Weight cost ax 0 92400 0 0 0 0

The improvements are compared to the first result column (–)
Bold is a positive effect
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B-2-4 Influences of the time horizon

Table B-14: Double lane change 80 km/hour with different time horizons

Controller J2 J2 J3 J3 J4 J4
Time horizon [s] 1 2 1 2 1 2
Sample time [s] 0.04 0.04 0.04 0.04 0.04 0.04
RMS ms [m/s2] 0.593 0.553 0.616 0.543 0.64 0.599
Improvement [%] – 6.7 – 11.8 – 6.4
RMS gd [m/s2] 0.354 0.262 0.345 0.267 0.338 0.288
Improvement [%] – 25.9 – 22.6 – 14.9
MTVV ms [m/s2] 1.26 1.14 1.3 1.15 1.31 1.23
Improvement [%] – 9.6 – 12 – 6.3
MTVV gd [m/s2] 0.958 0.696 0.909 0.704 0.866 0.728
Improvement [%] – 27.3 – 22.5 – 15.9
mean comfort [m/s2] 0.791 0.662 0.794 0.666 0.789 0.711
Improvement [%] – 16.2 – 16.1 – 9.8
v error max acc. [km/hour] 7.36 7.33 8.04 7.78 7.06 7.5
v error max brak. [km/hour] 4.99 5 5 5 5 5
y error max [m] 0 0 0 0 0 0
Weight cost y 0 0 0 0 0 0
Weight cost psi 0 0 0 0 0 0
Weight cost v 5.13e4 7.68e4 3.10e4 7.51e4 2.78e4 4.89e4
Weight cost 4δ 0 0 0 0 0 0
Weight cost 4a 208 1.12e4 1.10e4 1.77e4 1.09 6811
Weight cost ms y 0 0 0 0 0 0
Weight cost gd y 0 0 0 0 0 0
Weight cost ay 0 0 0 0 0 0
Weight cost ms x 0 0 5.18e4 2.09e5 0 0
Weight cost gd x 0 0 0 0 2.70e4 4.75e4
Weight cost ax 7.52e4 1.59e5 0 0 0 0

The improvements are compared to the same controller with time horizon of 1 second (–)
Bold is a positive effect
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B-3 Results combined control

B-3-1 Double lane change with velocity change

Table B-15: Double lane change with velocity change

Controller J1 J2 J3 J4 J5
Time horizon [s] 1 1 1 1 1
RMS ms [m/s2] 0.881 0.748 0.747 0.757 0.748
Improvement [%] – 15.1 15.2 14.1 15.1
RMS gd [m/s2] 0.703 0.641 0.698 0.628 0.674
Improvement [%] – 8.7 0.7 10.7 4.1
MTVV ms [m/s2] 1.75 1.51 1.55 1.53 1.53
Improvement [%] – 13.8 11.6 12.8 13.1
MTVV gd [m/s2] 1.38 1.34 1.36 1.33 1.39
Improvement [%] – 3.3 1.4 3.7 -0.1
mean comfort [m/s2] 1.18 1.06 1.09 1.06 1.08
Improvement [%] – 10.2 7.7 10.1 8.3
v error max [km/hour] 0.75 0.78 0.779 0.779 0.79
y error max [m] 0.325 0.325 0.325 0.324 0.324
Weight cost y 7.06e4 3.00e4 3.97e4 3.28e4 2.95e4
Weight cost psi 4866 7100 7444 8744 3777
Weight cost v 568 1166 1533 1166 801
Weight cost 4δ 2322 1666 3466 2177 1199
Weight cost 4a 356 750 988 754 508
Weight cost ms y 0 0 5.09e4 0 2.08e4
Weight cost gd y 0 0 0 1.25e4 2400
Weight cost ay 0 4688 0 0 0
Weight cost ms x 0 0 0 0 0
Weight cost gd x 0 0 0 0 0
Weight cost ax 0 0 0 0 0

The improvements are compared to the first result column (–)
Bold is a positive effect
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B-3-2 Motion sickness

Table B-16: Sine wave for lateral and longitudinal control

Controller J1 J2 J3 J4 J5
Time horizon [s] 1 1 1 1 1
RMS ms [m/s2] 1.28 0.988 0.887 1.01 0.961
Improvement [%] – 22.9 30.7 21.2 24.9
RMS gd [m/s2] 0.673 0.53 0.513 0.534 0.532
Improvement [%] – 21.4 23.8 20.7 21
MTVV ms [m/s2] 1.91 1.48 1.33 1.52 1.43
Improvement [%] – 22.6 30.4 20.7 25
MTVV gd [m/s2] 1.25 1.08 1.12 1.04 1.12
Improvement [%] – 13.5 10.2 16.8 9.9
mean comfort [m/s2] 1.28 1.02 0.963 1.02 1.01
Improvement [%] – 20.3 24.7 19.9 20.8
v error max [km/hour] 0.53 0.495 0.513 0.493 0.5
y error max [m] 0.836 0.312 0.273 0.359 0.294
Weight cost y 7.02e5 2.53e5 1.36e5 2.85e5 2.07e5
Weight cost psi 1.11e4 1.88e4 2.79e4 2.23e4 1.09e4
Weight cost v 618 1033 1677 1000 715
Weight cost 4δ 6200 3977 6822 5666 2800
Weight cost 4a 155 316 447 317 219
Weight cost ms y 0 0 1.92e5 0 8.72e4
Weight cost gd y 0 0 0 3.99e4 7055
Weight cost ay 0 1.60e4 0 0 0
Weight cost ms x 0 0 0 0 0
Weight cost gd x 0 0 0 0 0
Weight cost ax 0 0 0 0 0

The improvements are compared to the first result column (–)
Bold is a positive effect
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Table B-17: Sine wave with different longitudinal terms

Controller J3 J3,ms,x J3,ax
Time horizon [s] 1 1 1
RMS ms [m/s2] 0.887 0.876 0.869
Improvement [%] – 1.3 2.1
RMS gd [m/s2] 0.513 0.506 0.5
Improvement [%] – 1.4 2.6
MTVV ms [m/s2] 1.33 1.28 1.28
Improvement [%] – 3.6 4
MTVV gd [m/s2] 1.12 1.11 1.11
Improvement [%] – 1.3 1.2
mean comfort [m/s2] 0.963 0.943 0.938
Improvement [%] – 2.1 2.6
v error max [km/hour] 0.513 1.82 1.97
y error max [m] 0.273 0.271 0.269
Weight cost y 1.36e5 1.32e5 1.30e5
Weight cost psi 2.79e4 2.81e4 2.88e4
Weight cost v 1677 6.09e4 7.36e4
Weight cost 4δ 6822 6800 6766
Weight cost 4a 447 313 1133
Weight cost ms y 1.92e5 1.94e5 1.99e5
Weight cost gd y 0 0 0
Weight cost ay 0 0 0
Weight cost ms x 0 6.39e4 0
Weight cost gd x 0 0 0
Weight cost ax 0 0 2.97e4

The improvements are compared to the first result column (–)
Bold is a positive effect
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B-3-3 General discomfort

Table B-18: Double lane change with velocity shift

Controller J4 J4,gd,x J4,ax
Time horizon [s] 1 1 1
RMS ms [m/s2] 0.757 0.773 0.727
Improvement [%] – -2.2 3.9
RMS gd [m/s2] 0.628 0.607 0.643
Improvement [%] – 3.3 -2.5
MTVV ms [m/s2] 1.53 1.58 1.53
Improvement [%] – -3 -0.2
MTVV gd [m/s2] 1.33 1.3 1.3
Improvement [%] – 2.8 2.8
mean comfort [m/s2] 1.06 1.06 1.05
Improvement [%] – -0.1 1.1
v error max [km/hour] 0.779 1.76 4.67
y error max [m] 0.324 0.325 0.324
Weight cost y 3.28e4 3.34e4 3.44e4
Weight cost psi 8744 9311 8922
Weight cost v 1166 1.59e4 1.28e5
Weight cost 4δ 2177 2100 2077
Weight cost 4a 754 255 1655
Weight cost ms y 0 0 0
Weight cost gd y 1.25e4 1.31e4 1.19e4
Weight cost ay 0 0 0
Weight cost ms x 0 0 0
Weight cost gd x 0 62.4 0
Weight cost ax 0 0 6.32e+04

The improvements are compared to the first result column (–)
Bold is a positive effect
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B-3-4 Friction change

Table B-19: Double lane change with velocity change, friction change to µ = 0.5

Controller J1 J2 J3 J4 J5
Time horizon [s] 1 1 1 1 1
RMS ms [m/s2] 0.883 0.774 0.813 0.78 0.788
Improvement [%] – 12.4 8 11.7 10.8
RMS gd [m/s2] 0.699 0.659 0.743 0.655 0.687
Improvement [%] – 5.7 -6.3 6.3 1.7
MTVV ms [m/s2] 1.76 1.59 1.7 1.6 1.64
Improvement [%] – 9.9 3.2 9.3 7.1
MTVV gd [m/s2] 1.36 1.4 1.36 1.42 1.41
Improvement [%] – -2.3 0.5 -3.9 -3.3
mean comfort [m/s2] 1.18 1.1 1.15 1.11 1.13
Improvement [%] – 6.2 1.9 5.5 4
v error max [km/hour] 0.749 0.779 0.777 0.778 0.789
y error max [m] 0.321 0.224 0.423 0.227 0.215
Weight cost y 7.42e4 3.50e4 6.28e4 3.68e4 3.84e4
Weight cost psi 5122 6544 5944 7999 3233
Weight cost v 566 1155 1522 1166 801
Weight cost 4δ 2411 1733 3999 2222 1244
Weight cost 4a 355 747 981 750 505
Weight cost ms y 0 0 3.32e4 0 1.30e4
Weight cost gd y 0 0 0 9699 1866
Weight cost ay 0 3766 0 0 0
Weight cost ms x 0 0 0 0 0
Weight cost gd x 0 0 0 0 0
Weight cost ax 0 0 0 0 0

The improvements are compared to the first result column (–)
Bold is a positive effect
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B-3-5 Wind disturbance

Table B-20: Double lane change with velocity change under wind disturbance

Controller J1 J2 J3 J4 J5
Time horizon [s] 1 1 1 1 1
RMS ms [m/s2] 0.88 0.744 0.732 0.753 0.741
Improvement [%] – 15.5 16.9 14.4 15.8
RMS gd [m/s2] 0.701 0.643 0.695 0.633 0.668
Improvement [%] – 8.3 0.9 9.7 4.8
MTVV ms [m/s2] 1.76 1.5 1.51 1.52 1.5
Improvement [%] – 14.8 14.5 13.8 14.8
MTVV gd [m/s2] 1.37 1.35 1.34 1.34 1.38
Improvement [%] – 1.9 2.6 2.3 -0.2
mean comfort [m/s2] 1.18 1.06 1.07 1.06 1.07
Improvement [%] – 10.2 9.4 10 9.1
v error max [km/hour] 0.748 0.768 0.774 0.762 0.782
y error max [m] 0.385 0.814 1.05 0.768 0.736
Weight cost y 7.64e4 1.60e5 2.42e5 1.45e5 1.27e5
Weight cost psi 4733 7733 8577 9688 4099
Weight cost v 561 1155 1544 1155 800
Weight cost 4δ 2355 1855 3899 2544 1366
Weight cost 4a 354 744 989 749 506
Weight cost ms y 0 0 6.41e4 0 2.59e4
Weight cost gd y 0 0 0 1.59e4 2977
Weight cost ay 0 6944 0 0 0
Weight cost ms x 0 0 0 0 0
Weight cost gd x 0 0 0 0 0
Weight cost ax 0 0 0 0 0

The improvements are compared to the first result column (–)
Bold is a positive effect
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B-3-6 Sensor noise

Table B-21: Double lane change with velocity change with sensor noise

Controller J1 J2 J3 J4 J5
Time horizon [s] 1 1 1 1 1
RMS ms [m/s2] 0.893 0.757 0.759 0.765 0.758
Improvement [%] – 15.3 15 14.4 15.2
RMS gd [m/s2] 0.751 0.712 0.761 0.709 0.74
Improvement [%] – 5.1 -1.3 5.6 1.5
MTVV ms [m/s2] 1.79 1.53 1.58 1.55 1.55
Improvement [%] – 14.4 11.7 13.5 13.6
MTVV gd [m/s2] 1.51 1.51 1.5 1.51 1.54
Improvement [%] – 0.3 1 0.4 -1.8
mean comfort [m/s2] 1.24 1.13 1.15 1.13 1.15
Improvement [%] – 8.8 7 8.4 7.3
v error max [km/hour] 1.17 1.2 1.21 1.2 1.2
y error max [m] 0.367 0.307 0.36 0.31 0.301
Weight cost y 7.70e4 3.46e4 4.76e4 3.73e4 3.39e4
Weight cost psi 8044 1.45e4 1.31e4 1.77e4 7433
Weight cost v 1.31e4 2.65e4 3.58e4 2.66e4 1.75e4
Weight cost 4δ 3444 3855 5199 5055 2244
Weight cost 4a 4333 8922 11900 8955 6022
Weight cost ms y 0 0 5.29e4 0 2.16e4
Weight cost gd y 0 0 0 1.96e4 2999
Weight cost ay 0 6455 0 0 0
Weight cost ms x 0 0 0 0 0
Weight cost gd x 0 0 0 0 0
Weight cost ax 0 0 0 0 0

The improvements are compared to the first result column (–)
Bold is a positive effect
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B-3-7 Combination acceleration terms filtered and unfiltered

Table B-22: Double lane change, different controllers

Controller J2 J3 J4 J7 J8
Time horizon [s] 1 1 1 1 1
RMS ms [m/s2] 0.748 0.747 0.757 0.746 0.75
Improvement [%] – 0.2 -1.1 0.3 -0.2
RMS gd [m/s2] 0.641 0.698 0.628 0.648 0.632
Improvement [%] – -8.8 2.1 -1.1 1.5
MTVV ms [m/s2] 1.51 1.55 1.53 1.52 1.52
Improvement [%] – -2.6 -1.1 -0.8 -0.4
MTVV gd [m/s2] 1.34 1.36 1.33 1.33 1.32
Improvement [%] – -1.9 0.5 1.1 1.5
mean comfort [m/s2] 1.06 1.09 1.06 1.06 1.05
Improvement [%] – -2.8 -0.1 -0.1 0.5
v error max [km/hour] 0.78 0.779 0.779 0.788 0.799
y error max [m] 0.325 0.325 0.324 0.325 0.325
Weight cost y 3.00e4 3.97e4 3.28e4 3.36e4 3.11e4
Weight cost psi 7100 7444 8744 7822 9133
Weight cost v 1166 1533 1166 1466 1333
Weight cost 4δ 1666 3466 2177 2677 2266
Weight cost 4a 750 988 754 932 845
Weight cost ms y 0 5.09e4 0 3.25e4 0
Weight cost gd y 0 0 1.25e4 0 1199
Weight cost ay 4688 0 0 0 0
Weight cost ms x 0 0 0 0 0
Weight cost gd x 0 0 0 0 0
Weight cost ax 0 0 0 0 0

The improvements are compared to the first result column (–)
Bold is a positive effect
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