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Abstract

The objective of the project is to build a motorcycle simulator which could offer not only visual
and audio stimuli but also physical sensations such as G-forces, motion and rotations. Through the
integration of visual, sound and physical movement, an immersive feeling is created for beginners,
amateurs trainings and professional athlete alike.

To this end a motorcycle chassis with handlebar is mounted on an hydraulic motion platform that
can utilize 6 degree of freedom (Stewart Rig). The visual stimuli of the simulation is provided
by a VR headset. A host computer receives the inputs from the rider, calculates the motorcycle
dynamics in a simulation model, translates those motions to appropriate coordinates with motion
cueing and then sends appropriate coordinates to the motion platform after filtering. The host
PC also runs the simulator game which is connected to the VR headset. To connect the different
involved entities the Robot-Operating-System was utilized.

The team has successfully managed to create a motorcycle simulator that achieves three main
things. The motorcycle is operating in real-time, the sensation is somewhat believable and it has
lowered cyber-sickness compared to a stationary simulator. It is the teams hope that the motor-
cycle simulator can be used not only by motorcycle drivers but also as a valuable tool for the
development of motorcycles or other vehicles.

The work was performed by a team of eight master level students attending the Department of
Machine Design at KTH, The royal institute of technology.
All files related to the project is available in a GitHub folder called MC-Simulator-with- VR [47].
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3 INTRODUCTION

This chapter gives a short introduction to the project with limitations and requirements.

3.1 Background

Driving a motorcycle can be a thrilling experience but it does come with some risk. It would be
interesting to drive a motorcycle in a safe environment where a novice driver could learn how to
handle both expected and unexpected situations without the risk of injury. Motorcycles have a
complex dynamic behavior that is effected by the design and construction of the motorcycle. So
while developing a new motorcycle, it would be interesting to test the "feel" of it before building
a prototype. This is something that the industry would gain from. It was from these ideas that
this project was founded.

3.2 Project Description

This project was founded to design and manufacture a motorcycle simulator for the Machine design
department at the Royal Institute of Technology, Stockholm. The project combines a motorcycle
structure attached to a hydraulic motion platform together with a VR-headset, which provides the
visual stimuli. The simulation should mimic the forces that the rider feels as close as possible so
while driving the simulator the rider would know how it would feel to ride a real motorcycle. The
ambition of this project is to develop a simulation that can be utilized in industrial development
processes, MC-riding practice and for recreational use.

3.3 Requirements, Delimitations & Risk Assessment

To be able to mimic the behavior of a real motorcycle that the driver could control, several re-
quirements needs to be fulfilled stated in this section.

Requirements
The requirements defined for the system are listed below.

R 1 Mechanical Structure  The mechanical construction between the motion platform and the
motorcycle shall be strong and safe enough for any user.

R 2 Motion Delay  The delay from user input to motion output shall not exceed 50 ms [12].
R 3 Visual Delay  The delay from user input to visual output shall not exceed 20 ms.

R 4 Sound Delay  The delay from user input to sound output shall not exceed 20 ms.

R 5 VR Immersion  The user should sense an increased immersion while using the VR-headset.

R 6 Communication Connectivity The middleware in use shall have API:s for the main appli-
cations (Simulink/Matlab, Unity3D and Arduino).

R 7 System Modularity The middleware in use shall be modular so that any node easily can
be added, removed or substituted.

R 8 Data Centric Infrastructure  The middleware in use should have the system information
(delays, bandwidth, frequency, node activity) centralized for gathering data, debugging and
visualization.

R 9 Motion Cueing degrees A washout filter for motorcycle simulation shall be made for 6
dimensions: surge, sway, heave, roll, pitch and yaw.

R 10 Motion Cueing constant accelerations  The washout filter shall create the sensation of con-
stantly accelerating by tilting the user. The tilting motion should be senseless.
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R 11 Motion Cueing - false cues  The washout filter should not introduce false cues (large move-
ments in the other direction than the given acceleration). When returning to zero the ac-
celerations shall be in the other direction but so small that they are not perceived to hinder
immersion.

R 12 Cyber-Sickness The user should not feel sick while using the simulator with the VR-headset
for at least 5 minutes.

R 13 System Stability  Each subsystem, together with it’s communication should not fail when
the whole system is running for at least 5 minutes.

R 14 Driver Interface A new user shall not feel hindered by the rider interface.

R 15 Driver Interface Realism A professional rider should feel that the driver interface behaves
like a real motorcycle.

R 16 Torque Handlebar Feedback  The torque handlebar feedback shall be strong and fast enough
to feel realistic when riding.

3.3.1 User Needs

A user of the MC simulator should be able to ride the motorcycle in a virtual environment using a
handlebar input controller. The system should also give the user a realistic simulation immersion.

3.3.2 Time Frame

The time frame for the project was between 20 March and 11 December for presentation of the
final product with a summer break between 18 May and 28 August.

3.3.3 Risks & Safety

The hydraulic motion platform together with the mechanical structure can be quite dangerous for
the rider and people near the simulator. Even if the risk of motion platform failure is very low (it
has built-in safety functions), a stunt man was hired during demonstration days to eliminate risks
of harm. The stunt man did set-up a safety harness equipment attached to the user that securely
hold and prevent the person from falling if he/she would loose control of the motorcycle. During
the final presentation an area around the simulator was a setup in which only authorized personnel
would be.

3.4 Architecture

The project contains several different components. These are

1. Input from the rider.
Receives the inputs from the driver, i.e. torque and steering. This information is then feed
to the Dynamic model and VR-environment.

2. Dynamic model / simulation model.
The simulated model that governs the behavior of the MC and outputs behavior to the
Stewart motion platform such that the rider experiences the "right" sensation.

3. VR-environment.
The virtual reality environment. The environment in which the rider is able to look around.
The environment is also where the course is simulated.

4. Stewart motion platform.
The hydraulic motion platform that allows for physical movement. The motion platform is
controlled by the motion computer, also known as the motion PC.

5. Communication between all components.
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Figure 1 shows the communication between the aforementioned components.

Motion PC I Hydralic Rig Motorcycle
HyPCoS TActuators Sensors
Communication to W) Throttle
Hydralic Rig Brakes
Safety Restrictions for Steering
Hydralic Rig
Visualisation of Rig TO rq ue
Control Loop

ROS

RASPDE = Ard 0

Dynamic Model ROS Master AD-Converter
Motion Cueing Arduino Protocol

Washout Filter Unity Protocol Feedback LOOp
Unity for Motor

Audio and Visual Feedback

Figure 1: Overview of the system architecture.

Since this project includes several different components it is important to have a main coordinate
system to keep the coordinate systems consistent within each component. To handle the confu-
sion that could arise the main coordinate system that can translate between the other different
coordinate systems is introduced in Figure 2.

z
Heave

ém

CG

Figure 2: Coordinate systems and rotational axis, movement along the XY and Z axises correspond
surge, sway and heave respectively.
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4 LITERATURE REVIEW & STATE OF THE ART

This part details a state of the art prestudy which explains some background research required to
understand the implementations that were done in this project.

4.1 Existing simulators

While automotive and avionic simulators have been developed for decades the field of MC-simulators
has been more stagnant. There exists a handful MC-simulator prototypes in the world and many
of these are not open to scrutiny due to copyright [50]. In order to find the state of the art for
MC-simulator one must look to the more open field of general vehicle simulators.

4.1.1 Flight Simulators

Flight simulators are grouped into categories A-D where D class simulators allow for pilots to attain
their license without having to flown a real airplane [1]. Most D class simulators are based on 6
DOF with a full cockpit system mounted on top of the Stewart motion platform. To achieve the
visual part of the simulation screens are typically mounted upon the cockpit instead of windows.
However, since a Stewart motion platform have inherent limitation on how quick motion can be
achieved (and therefor limitations in acceleration) military grade simulators have moved away from
Stewart motion platforms in favor of centrifuge simulators(which can generate large accelerations).

4.1.2 Chalmers Vehicle Simulator

Chalmers institute has developed a driving simulator for drive in a four wheel vehicle. The project
was started in 1999 but has since been continually developed. The simulator consists of a Stewart
motion platform, a partial car (drivers seat, steering and drivers side door) and five computers
responsible for the simulation. The ambition of the project is not only to recreate the correct
movement but also to create the correct sensation for the driver [25]. To achieve sensations the
simulator utilizes a washout filter.

4.1.3 The Moris Motorcycle Simulator

The Moris motorcycle simulator was an early MC-simulator project. The project utilized a Stewart
motion platform, a washout filter based motion queuing algorithm and focused on creating a 7
DOF (heave, surge, sway, tilt roll, yaw and steer) motorcycle simulator. The team utilized both tilt-
coordination as well as washout-filters the project but also paid attention to sound and vibrations.
A mock up MC was placed on the Stewart motion platform with most subsystems intact, only the
wheels were removed [4].

4.1.4 Alternatives to Stewart Motion Platform

Another simulator that is available for study is one designed by the authors of Driving simulator
[50]. The purpose of the project was to develop a tool for Risk training and behavioral observations
(especially in high risk situations) that can be used by novice riders at no risk to themselves,
equipment or others. To achieve this the team made the yawing motion a central part of their
motorcycle design such that the simulator could accurately reproduce skidding(loss of friction).
Another added goal was to make it cheap such that motorcycle driver training centers and schools
could use it. The team considered a similar solution to that used in this report, a 6-DOF Stewart
motion platform. However, as such a device would make the simulator expensive and therefor the
team opted to go with another design. The team attached two power cylinders with spherical
joints to the MC chassis and two cylindrical joins to the ground, see Figure 3. This allows for both
pitch and rolling motion, without requiring to move the aft part of the chassis.
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Supportfor
Spherical chassis

Joints

Cylindrical
joints

Figure 3: Pitch motion and rolling design [48].
The team attached the aft part of the chassis to a spherical joint attached to a slide which can
be moved using a brush-less actuator and belt, thereby creating the yaw motion, see Figure 4. To

compensate for the lack of surging motion the team designed the steering handlebar such as to
allow for linear displacement [48].

Brushless
actuator

Upper structure

Figure 4: Yaw motion design [49].

4.2 Immersion

Immersion is the topic of how to trick the rider’s mind into believing this is not a simulation and
that the rider is actually riding a motorcycle. To achieve a satisfactory feeling of immersion in
virtual reality and simulators one can apply a multitude of methods and aids. Visual and audible
stimuli is how the rider see and hears the simulation. It can appear somewhat trivial but studies
have shown that their effects should not neglected.

4.2.1 Visual vection

The visual perception is addressed as it is the key subject for VR simulation. One way to do
visual vection (the illusion of self moving) is to have the foreground centralized and static while
the background and peripherals undergo constant change and graphical updating [32].
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4.2.2 Field of View

When choosing the rider’s field of view for the simulator one can either chose a large field of view
with lowered picture quality or a smaller field of view with better quality. In practically all virtual
simulators the view of the user is fixed with a smaller field of view than the normal human eye
[33].

4.2.3 Visual Fidelity

Impressive visual graphics is not as important as one may first believe. State of the art realistic
flight simulators sacrifice visual fidelity in favor of computational speed. Having the system behave
in real-time is more important than having a high visual fidelity [31]. Another aspect to consider
is the frame rate, or the updating frequency of the monitor. The frame rate is typically higher in
state of the art simulators than what is commercially available for VR-systems [33]|. According to
Robin Palmberg at KTH VIC studio a recommended frame rate for good immersion should not dip
below 60 frames per second. Furthermore, simulations can be made even more realistic by taking
the user body dimensions into account when rendering the virtual world [37].

4.2.4 Audible Immersion

A study using a helicopter simulator shows that the addition of sound improved the ability of
pilots to fly the simulated helicopter [14]. Not only does sound increase the performance but other
studies have shown improvements when using sound to increase immersion in virtual games [36]
and environments [15].

4.3 Cyber-Sickness

Virtual reality sickness, also called cyber-sickness, occurs when the eyes detects movement but the
body does not feel it. This is a major problem when using VR and is stated to be avoided in re-
quirement R 12 (Cyber-Sickness). Cognitive psychologist Cyriel Diels said "It’s a natural response
to an unnatural environment." [46] Once the sickness starts, the user should stop immediately to
avoid feeling ill for potentially several hours afterwards. The effects of Cyber-sickness can to some
extent be decreased by playing VR repetitively. Since every person is unique in this respect, some
people become ill more easily than others. Studies have shown that women are more likely to feel
ill than men [13]. If a person is sensitive to motion sickness in reality, they are also more sensitive
to VR sickness. Another problem is the more realistic something is, the more likely you are going
to feel sick." This is similar to the problem called uncanny valley which in short is how humans
feel about a robot depending on how close it behaves like a human (see Figure 5).

Human
L0

Uncanny valley

Bunraku puppet

Tov robaot

Familiarity

(AR R R R RS RN EEEREENRENENLERNENRN]

Similarity

hloving corpse

Figure 5: Uncanny valley graph [13].

Below are some important topics that influence VR sickness [29):

o F'PS, if it is too low (<60fps) the brain will notice it.
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Too low screen resolution.

e If the screen is not synchronized with the users head movement.

If there is movement in the VR but the body is standing still.

e The more time spent using a VR headset will increase the risk of discomfort symptoms.
Periodically brakes is recommended.

High acceleration movements in VR.

4.4 The Stewart Motion Platform

Since the Motion control platform is already determined to be MicroMotion-600-6DOF-200-MK6
one must look at the limitations of this platform to better understand the limitations of this project.

X

Figure 6: Coordinate systems and rotational axis, movement along the X,Y and Z axises correspond

surge, sway and heave respectively [47].

MicroMotion-600-6DOF-200-MK6 is a Stewart platform driven 6 hydraulic cylinder actuators.
The actuators are controlled by the MCC which houses the motor relays and fuses. The MCC
is in turn controlled by the motion computer. The motion computer controls the movement on
the rig directly, receiving positions, velocities or accelerations. The rig allows for movement in 6
dimensions, 3 linear and 3 rotational as shown in Figure 6. However, the motion platform can
obviously not move infinitively in any directions. The minimum and maximum values of these

dimensions are listed in Figure 7.

DOF mode

Channel Min Max

Surge -0.142 m 0.181 m
Sway -0.146 m 0.146 m
Heave -0.090 m 0.094 m
Roll -17.3 deg 17.3 deg
Pitch -16.7 deg 16.9 deg
Yaw -27.1 deg 27.1 deg

Figure 7: Minimum and maximum positions of the Motion platform [47].
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While it is possible to run the rig with values which overrule the maximum values this is not
recommended as it can lead to leaking, safety hazards and failure of the motion platform. In the
same way that movement has its limitations, so does the velocities and accelerations, see Figure 8.

Velocities: Accelerations:
Surge and Sway: 0.250 m/s Surge and Sway: 6 m/s2
Heave: 0.200 m/s Heave:l 8 m/s2
Roll, Pitch, and Yaw: 30 deg/s Raoll, Pitch, and Yaw: 200 deg/s2

Figure 8: Minimum/Maximum velocity & acceleration of the Motion platform [47].

4.4.1 Communication Protocol For The Motion PC

The motion computer runs a Linux based operating system that allows for easy interface to another
computer using Ethernet UDP/IP. To establish a connection between two computers ARP is
utilized. The connection requires a dedicated Ethernet connection, i.e. no other computers are
allowed on the network. Upon receiving a message the motion computer will send a transmission
back to the host with an update about the current information of the motion platform. The format
of the transmission from the motion computer will not discussed, however is available at [47].
The communication to the motion computer requires a 127 long 32-bit array that is sent by UDP
to a specific port on the motion computer. The majority of the 32-bit data elements are floats
except for 3 specific elements in the array which are integers. The integer elements are related to
the control of the rig. For example the second integer element is motion command. The value on
the motion command will determine whether or not the motion platform will actuate the motion
platform or only simulated outputs .

The message must use little-endian. The maximum frequency updating frequency of the motion
computer is 250Hz.The full array must be sent each transmission, regardless of how many elements
are used.

4.5 Simulation Models

There exists a number of Dynamic models or tools for dynamic models. Bikesim is one that
allows for Hardware-in-loop testing with real-time applications. However, this software also comes
with a hefty price tag. There also exists the motorcycle dynamics model made by R.S.Sharp
and D.J.N.Limebeer [35]. The model is designed primarily for simulation of motorcycle dynamics
at high speeds, >20m/s. However, it is not optimized for lower speeds. The motorcycle model
uses simscape multibody and splits up the dynamics of the motorcycle into a more manageable
components. The different multi-body components are

Front wheel and tire e Rider

Front suspension-body
e Suspension-strut and rear swing-arm

Front steer body

e Main-frame e Back wheel and tire

The whole system is shown in Figure 9 below.
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Figure 9: Full non linear motorcycle model.

As one can see in Figure 9 there are also some spring and dampeners in the system as well as a
component for the aerodynamic forces and naturally the input from the rider in terms of steering,
acceleration, front brake and back brake. Figure 10 shows the visualization of the multi-body
system. A better explanation of this model is provided by R.S. Sharp [35] but this report will
focus on two things, the tire model and the computations of positions, speed and accelerations.

f

A

r

Figure 10: Multibody simulation visualization.

4.5.1 Tire Model

The model utilizes Pacejka Magic formula for calculations of the tire forces. The formula can
be described in much more detail in another article. However, for the purpose of this project it
is important to understand that it utilizes a very large number of parameters to determine the
tire forces and that not all parameters can be described physically, they are seemingly magic. A
contact point is calculated, which is where the tire is in contact with the ground. Forces are then
calculated depending on:
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e slip angle - the difference between facing of the tire and its velocity

e slip ratio - a ratio between how much the wheel is spinning as compared to its transversal
speed

e camber angle - the angle of the tire with respect to the ground
e load - load on tire.
Generalized the formula is described by
R(k) =d - sin(c - arctan(b(1 — e)k + e - arctan(bk))) (1)

Tire model easy is a different tire model. TMeasy utilizes a modeling approach based on simple
dampening and spring with some lumped parameters. One of the simplifications TMeasy does is
the use of generalized forces and making the forces in the different axis are dependent only on the
slip coefficients in said axis.

F
Fw:gsi\]:fsiv (2)
F

where F' is the generalized forces. The generalized force can be described by

FA FM
para- F$
bola )
parabola straight

line

d ] . ]
rational
function

sM 5* 55 §

Figure 11: Generalized forces TMeasy.

where sM, s* and s are tire parameters related to slip and FM dF? are related to forces.

The slip coefficient is described by (in two dimensions)

(Ua:TD + Q)

N _———_—
Sy o TDQ§I+’UN (4)
v

TDQ§y + UN

where vy is a imaginary velocity only there to avoid a singularity and

. Sy F/dF)
e v v V1 M (6)
M+ sM " FMJAF0 + FM ] dF0
M M ;1720
5, = Sy + F,"/dF, . (7)
VTSN M T FMARY + FM dF

Now the general slip can be described by
S =/ (8¥)? + (SP). (8)

It is also possible to describe the displacement (or elongation) of the contact point. This relationship

is described by

F

S

F
((rp|Q8s + vn)de + = )2e = —

5 (ve — 1) — (rp|Q8s + V) Cae (9)
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F .
_gvy - (TD|Q|SJE + Un)cyye- (10)

The equations can also be extended one additional dimension which is described in [34].

R F .
((TD|Q|Sy + Un)dy + E)ye =

4.5.2 Positions, Velocities and Accelerations

The motorcycle model uses the joint between the swing-arm and mainframe to calculate the ro-
tational positions, rotational accelerations, transversal velocity and transversal accelerations. Due
to the nature of this joint some of these variables are in the absolute world, such as transversal
accelerations, while others are only in respect to the local body, such as roll.

For instance Figure 12 shows the behavior of the speed and yaw.

Figure 12: Velocity in x,y and yaw.

One can see that the when the bike moves with a 90 degree yaw angle(that is 90 degrees from the
direction it started) the v, goes to zero. This is naturally because the velocity are in the absolute
not in relation to the bike. However, this is not the case for roll or pitch angle as these are defined
as the rotations of the joint.

4.6 Motion Cueing

4.6.1 The role of washout filters in simulation

The purpose of a washout filters in motion simulation is to transform desired vehicle motion in to
realizable motions for a motion platform. The washout filter is responsible for confining desired
motion into a limited space while also creating the sensation of motion. This is achieved by using
the desired incoming translational accelerations and angular displacements as input and manipu-
lating them such that they fit the motion actuators limit. The washout filter is also tasked with
returning the motion simulator to its neutral position so new commands can be made.

Problems arise with sustained accelerations. Motion platforms actuators are limited in their motion
and therefore sustained accelerations must be simulated in other ways. One way of doing this
is to tilt the motion platform so the gravity acceleration vector simulate accelerations forward
and to the side. Sustained accelerations are therefore treated as low frequency signals. High
frequency accelerations are simulated by using the motion simulator to move the operator in the
same direction in jerks.

13
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4.6.2 Classic Washout

The classic washout filter aims to perform the basic washout filter functions whilst not having
the vestibular system built in. It can be expressed with three different channels which will be
used in more advanced washout filters as well. In the following illustration the inputs used are
model accelerations aa; (x, y,z) and Euler angles 54 (roll, pitch, yaw).The outputs ag; and Sg
are motion platform accelerations and rotations.

e The translational channel for high frequency translational accelerations
e The tilt coordination channel for low frequency accelerations

e The rotational channel for high frequency rotations.

Figure 13 shows how the different channels are combined.

___________________________________________________________

Translational Channel

i W :
E HP Scale N High-pass Return to i Asr R
: & Limit S| filter Wy ™™ zero Wirer !
! Coordination Channel E
Vo Low- Tilt Tilt Rate | !
ip{ Scale& (—» pass (—» Coordination —s Limiter -
' Limit filter c i

g g g g g g g g g g g g

Rotational Channel

B i | Scale & R Return to
Limit zero I,

Figure 13: Base for washout filters (classical washout filter) [26]

4.6.2.1 Limiters and Scalars

Before the signals from the motion model can be applied to the washout filter they will first need to
be limited and scaled. Hard limiters are used to keep the motion simulators movements in bounds
and prevent too violent motions. When a limit is reached the signal is saturated to a constant value.
The scalers are used to decrease or increase the magnitude of the motion controller’s movement at
all frequencies.

4.6.2.2 Translational Channel Load

The translational accelerations pass through the scalars and the translational channel. The high
frequency accelerations pass through while the lower frequencies signals are discarded. The mini-
mum order of the high pass filter can be derived using the descriptions of filters in general aircraft
simulation [30]. Consider a constant acceleration A;.

X=A, (11)

Now consider a translational acceleration through the washout filter to the motion simulator in
the same direction called X:

N(s)
D(s)

Where N(s) and D(s) represent the nominator and denominator the filter and are:
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1=0
and
J>K+n (15)
ap # 0,by # 0 (16)
Laplace transforming equation 11

The displacement of the motion simulator can be expressed as

X, = X./s? (18)

By combining equation 11 and equation 20 X is:
X, = 4,59 V) 19
T D(s) 19)

Using the final value theorem it then follows that

N
lim = lim Ats("_mﬂ

t—oo  s—0 D(s) (20)

As the washout filter is needed to return to zero after some time has passed the order n is to be

n>3 (21)

4.6.2.3 Tilt Coordination

The constant accelerations are discarded in the Translational channel but they still need to be felt.
The tilt coordination channel translates accelerations from a lower frequency to Euler angles by
first limiting and scaling the translational accelerations and then converting them to Euler angles.
A second order low-pass filter is used to only keep accelerations of a lower frequency.

w?

¢ 22
§2 4 2¢wes + w?) (22)

Wrece = (

The translational accelerations are then converted to Euler angles by tilting the user and using the
gravity vector to emulate translational accelerations. To simulate a constant acceleration in the x
direction the motorcycle is tilted with an angle 6;c (pitch increase) around the y-axis. Decomposing
the gravity vector in the z and z direction we arrive at

—gsin(6)

g=—A, = 0(9) (23)
g cos
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» X

Z

Figure 14: Induced acceleration A, and the gravity vector.

Similarly, to simulate a constant acceleration in the y axis the motor cycle is tilted with an angle
@t (roll increase) around the x-axis. Decomposing the gravity vector in the y and z axis with the

angle ¢y.:

0
g=—Ay = |—sin(¢) (24)
g cos(rc)

Combining A, and A, for a complete translational vector A¢.qns yields:

g sin(@tc)
g = Atrans = gSin((btc) COS(GtC) (25)
—gcos(¢rc) cos(sc)
The maximum rotation in the motion simulator is under 20°. The trigonometric substitution of
cos(a) =~ 1 and sin(a) = « can then be made. The simplified acceleration vector is then:

getc
g= Airans = g¢tc (26)
-9
By removing the influence of gravity the Euler angles for pitch and roll can be extracted with the
following transformation matrix.

0 1/g 0
Tctransform = 1/9 0 0 (27)
0 0 0

The translational accelerations for low frequencies can then be expressed as Euler angles 3 as:

65 = TCtransformAtrans (28)

4.6.2.4 Rotational Channel

Repeating the steps started at 11 to determine the minimum order of the high pass filter for
rotations n leads to:

n>2 (29)

If the input is an angular rate. If the angular position is used the order is reduced another time
leading to the rotational channel being stated as a first order high-pass filter.
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4.6.3 Optimal Washout

The optimal washout filter differentiates itself from the classic washout filter by including a control
loop. By using the vestibular system to produce a reference signal, translational accelerations and
angular rates y,, on the sensed movement and comparing it to the sensed signal after the washout
filters output an error signal is found. The perceived motions from the vestibular system are then
made more realistic by minimizing the error signal before implementing the washout filter and
therefor reduces motion sickness [6].

OPTIMAL WASHOUT FILTER. DESIGN

Woealibailas
Moy =i

Woelvie e Crpasraloer

|

r i T
LN T Sl Pl westitsuloa
1§l b U i b [ ERp

Mipnlutaer @ seratas

Figure 15: Optimal washout filter design.

As illustrated by [38] using u, as input accelerations from the model, y, as the sensed signal and
ys as output. The error signal e is used for minimizing the control error

4.6.4 Adaptive Washout

The adaptive washout filter shares the same algorithms as the classical washout filter but with a
great advantage. Variables that are constant in the optimal washout filter are instead varied in real
time to minimize a user defined cost function based on the error signal described in the optimal
washout filter [9]. Potential issues with the adaptive approach is the increased execution time for
the minimization calculation and the difficult tuning. The strengths in adaptive washout filters
lies in producing a more realistic motion as it rejects to residual motion displacements, “washes
out” motions faster and applies smaller motions for longer periods of time [10].

4.6.5 The Vestibular System

The vestibular system is more respondent to forces rather than acceleration. However, the sensed
for has the same units as the acceleration as it’s the force on the body per unit mass. The sensed
force Fyense can therefore be calculated by using the current accelerations in m/s? on the head.

Fsense =a—4g (31)

Each inner ear has a vestibular system and so the heads position over time need to be tracked for
the washout filter to have a reference signal.
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Figure 16: Location of the vestibular system.

4.6.5.1 Otoliths

The otoliths sense linear movements and head tilts in relation to the gravity vector. There are two
otoliths in each inner ear, one for sensing movements in the horizontal plane (Ultriccle) and one
for the sensing movements in the vertical plane (Saccule). When moving the otholic membrane is
moved as well causing a displacement which is measured.

Otolithic

Otoliths Linear acceleration
membrane ﬁ

Hair cells

Figure 17: The Otolith and the effect of linear acceleration.

The Otolith sense the gravitational force linearly which allows for tilting the driver to simulate
translational accelerations. Using equation 31 a transfer function for sensing linear accelerations by
comparing the otolith to a mass-spring-shock absorber [26] is then made. In the transfer function
a dead zone for small accelerations has been omitted to not include a discontinuity. This has no
effect on the user unless the signals from the washout filter are significantly scaled.

Tas+1 f
H oto — K oto ( = ) = 7
(ms+ 1) (rss+1) f
Where k0, 75, 71 are constants and f is sensed force. This representation is more recent, research
has led to a more responsive model for simulation in sustained accelerations. The constants in

H,:, can be found in [28].
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4.6.5.2 Semicircular Canals

Rotational movements are sensed by three semicircular canals. Each canal represents a different
plane and are filled with a liquid called endolymph. The endolymph is divided by a seal called
Capula which is able to move while preventing the endolymph from passing. Rotating in the same
plane as a canal causes a force due to the inertia of the endolymph to move the Capula in the
opposite direction of the original rotation.

Ampula Cupula Angular acceleration  Cupula displacement

S~

Hair cells Endolymph flow

Figure 18: The cupula and displacement of it due to angular acceleration.

By treating this as an over-damped torsion pendulum the following transfer function is found [26].
Just as with the otoliths a dead zone for small displacements have been omitted.

Haoiewma = 288 _ i TLTus"
semicanal — w(s) — fsce (TSS + 1)(TLS —+ 1)(Tas + 1)

Where K., T1,,T,, Ts are constants different for each plane that can be found constants in H;,
can be found in [28].

&

(32)

4.6.6 Torque In Handlebar

To simulate correct forces in the handlebar, an understanding of where and when the forces appears
in the handlebar is needed. In "Investigation of Motorcycle Steering Torque Components" the
torque and it main components is analyzed in depth. In Figure 19 we can clearly see the torque
in the handlebar while making a constant right turn in different speeds and with different degrees
of curvature, i.e. lateral acceleration with respect to the defined coordinate system in Figure 6.
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Figure 19: Rider steering torque.

4.7 Handlebar Torque Feedback

The handlebar is the direct connection between the user and the dynamic model. The rider must
feel an almost immediate reaction when throttling (as one would expect while riding a MC).
Meanwhile, the dynamic model must also provide feedback to the user through torque in the
handlebar. In the journal [3] an equilibrium of the front frame is set up with the riders torque
input as one of the forces. The two largest torques when in a turn comes from the normal load
on the wheel and the lateral force at the contact point between the wheel and the ground. These
torques are however counteracting each others leading to smaller forces having an effect on the
steering torque, such as inertial and centrifugal force. In the journal the effects of accelerating and
breaking in a curve and the conclusion was that breaking had larger effects and generated large
torque in the handlebar while accelerating did not generate as large torque [3]. This is because
when breaking there is a force transfer towards the front of the motorcycle which increases the
torque in the front frame which the rider must handle.

4.7.1 Incremental Magnetic Rotary Encoder

An incremental magnetic rotary encoder generates pulses on two different output lines when the
encoder shaft is rotating. It does this by having magnets poles placed on the shaft which are the
detected by magnetic sensors. Many of these encoders uses a quadrature design which means that
two sensors are spaced out so that there is a 90-degree phase shift between the pulses that are
generated.

This phase shift makes it possible to detect in what direction the encoder is rotating in, this is done
by looking at what order the pulses come in. To calculate rotational speed the time between two
pulses is measured and by knowing how pulses are generated during one full rotation it is possible
to calculate the current rotational speed. One of the main drawbacks with using an incremental
encoder instead of an absolute encoder is that there is no way to detect at what absolute position
the encoder is in, since it only generates outputs while rotating. On the other hand, it is still
possible to know its relative position to starting point and it is very useful while trying to measure
rotational velocity. This has made incremental encoders very popular to use for motor control.

4.7.2 DC-motor, Gearbox and Motor Driver

When merely mounted on the Stewart platform the handlebar on the motorcycle is easy to turn
which leads to unrealistic simulated driving, especially at higher speeds. Therefore, counter forces
on the steering rod must be added when the handlebar is being moved. Producing forces on the
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handlebar can be done in many ways [11]. Using an electric direct current (DC) motor is one
common solution since it is easy to use and comes with a good price compared to brushless dc
(BLDC) motors or alternative current (AC) motors.For this project, DC motors are sufficient. The
handlebar torque can reach high values as discussed in section 4.2.1. Therefore, a transmission is
needed to reduce the size and cost of the electric motor. Chain with sprockets, belts with pulleys
or gears are common solutions. The downside with them are friction and clearance between tooth’s
causing unwanted delay. Clearance in the handlebar could potentially be detected from the driver.
A cable transmission can be used which comes with two main advantages, little friction and no
backlash. A cable transmission consists of a wire, a capstan mounted on the motor and a drum
rotating the steering rod of the motorcycle. A plastic wire such as a fishing-line might seem to be
a better alternative than a steel wire since it is more flexible. A fishing-line stretches over time
however, and never stops doing so. A steel wire also stretches during load but stops doing so over
time. Some companies sell pre-stretched steel wires to remove this problem but this comes at a
high price. An alternative solution is to fix the metal wire at one end and allow for tightening on
the other.

One downside with a cable transmission is that the wire might slip during load. This threshold
can be calculated using a formula called the capstan equation

Tioad = Thota - "0, (33)

where Tj,qq is the applied tension on the line, Tyq is the resulting force, mu is the coefficient
of friction between the rope and the capstan and theta is the total wrap-around angle measured
in radians. This means that more wraps around the capstan increases the carrying load without

slipping.

A motor driver is needed to be able to control the DC-motor. One robust alternative is the Saber-
tooth dual 32A motor driver created by the company Dimension Engineering 20. It contains a lot
of features, it is well documented and can easily be interfaced with Arduino using the Sabertooth
libraries. Different operating modes can be set using switches on the motor driver and its software
which can be accessed via a USB port and a program called DEScribe. It can send live operating
data such as drawn current, transistor temperatures, battery voltage and more. It can run contin-
uously on 32 ampere and peak at 64 amperes. Nominal voltage is between 6 volts and 30 volts.
The pulse width modulating (PWM), also known as the switching frequency runs on 30kHz. A 8
bit integer between -127 and 127 is used as input to the Sabertooth motor driver to set the motor
speed. The motor driver converts this value into a PWM signal using four transistors. A value of
0 means standstill which is converted to a 50% PWM signal, -127 is converted to 0% PWM giving
full speed reverse and vice versa. The PWM signal controls the current through the transistors
which are aligned in a H shape enabling the current to go in either direction through the motor.
This is the reason why some motor drivers are often called a H-bridge. A 50% PWDM-signal means
that the current travels forward and backwards the same amount of time. Since the switching rate
is very fast the motor only notice the mean value which means standstill in this case.

Figure 20: Sabertooth 2X32 dual motor driver.
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4.7.3 DC-Motor Torque Control

The torque generated by a DC-motor is linearly proportional to the current going through the
motor at any time. This makes DC-motors a good candidate when you want to control torque.
There are several ways to design a torque control system, the easiest in terms of control is to use
a current sensor to measure the current and then converting the current into torque by using the
motors torque constant. This approach has the benefit of having the feedback being very closely
related to what is being controlled. The problem is that you need a current sensor that can measure
both positive and negative current accurately and without any major noise.

Another approach is using the angular velocity of the motor shaft and then use the DC-motor
equations to calculate the current. The voltage is also needed to calculate the current but since
the voltage often is the controller output when controlling a DC-motor some approximations are
needed to utilize this approach, such as using the last output signal to calculate the new one. The
second approach is highly dependent on how accurate the motor constants are and adds a level of
calculations which can affect the result.

4.8 Virtual Reality and Simulator Game

Unity3D is a very easy and intuitive program to start developing a game from scratch. As our team
do not have any knowledge of 3D-game development, this is an obvious choice for the VR develop-
ment. Currently there exist few motion simulators with Virtual Reality where all aspects (visual,
realistic motions, sound, haptic feedback etc.) are fully consistent. A big problem with these
systems is that the accelerating motion generated by the platform will impact the VR-headset’s
accelerometer and cause the visual point-of-view to change. However, a Belgian company named
Vection VR has developed a VR driving school simulator [52] with an Oculus Rift Headset, similar
to the concept of this project but with a car instead of a motorcycle. To tackle the accelerometer
problem, they used their own written public software patch for the headset to add the possibility
to dynamically offset the VR orientation to the user seat instead of the ground. It measures the
motion of the simulator motion platform and subtracts that from the graphical view. Combined
with a sensor it reduces simulator sickness and improves the sense of presence and feeling of motion.
This patch or method could be used to reduce VR-sickness.

To send and receive data with Unity, TCP or UDP as communication protocol is mostly used
for this type of projects and example code are available from Microsoft [24]. The rider will use
a head-mounted-display for VR to see the 3D-environment as seen in Figure 54. VIC, the Visual
Studio at KTH’s Computer Science Department provided a list of appropriate hardware that will
be utilized. Using this, the rider will be able to move around his head and see the world around
him as well as the rest of the motorcycle for increased immersion.

4.9 Middleware

Middleware is a type of software that works as a communication infrastructure, handling the layer
between the network operating system and the application layer, translating information between
the system nodes. The main purpose of a middleware in this project is to construct a commu-
nication infrastructure that can be easily observed and modulated. Furthermore, a middleware
increases the stability of a system in terms of predictability, latency efficiency, scalability and de-
pendability [16]. To develop a Real-time system including multiple nodes using different software
and programming languages, a middleware can be very beneficial as a gateway between the nodes.
Each underlying software can translate the messages to a standard that is used by the middleware,
so that every node have access to the information. Furthermore, using a standard for the com-
munication facilitates the process of expanding the system with more nodes and functionalities.
Figure 21 below illustrates the middleware layer between the system nodes.
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Figure 21: Illustration of system nodes and variables.

4.9.1 Publish-Subscribe Messaging Pattern

There are many different middleware technologies, each with both advantages and disadvantages.
Publish-Subscribe is a messaging pattern often used in robotics systems, ROS (Robot Operating
System) is such a system, a loosely coupled environment where one node can publish and/or
subscribe with no direct communication to the other nodes [18]. Simplifying plug and play and
many-to-many, meaning subscribing to many different publishers at the same time. In this project
a publish /subscribe pattern will be used.

Robot Operating System

Robot Operating System (ROS), is an open-source middleware used in robotics development.
Widely used in many cyber-physical applications, ROS has a large community with multiple li-
braries which makes it easy to implement. However, ROS is not a real-time system, in terms of
deadlines, reliability and durability. ROS uses a master to collect all the nodes in the system, the
master then initially advertises all the subscribers and publishers for a peer-to-peer connection
illustrated in Figure 22.

ROS Master P2 Node 1 R e ater
Peer-to-Peer
. ;1 T l Connections
v

Node 3 _,' Node 2

Figure 22: ROS Illustration.

Data Distributed Service

Data Distributed Service (DDS) also uses a publish /subscribe pattern just like ROS. The significant
difference is that DDS is more suitable for real-time embedded systems in terms of the Quality of
Service (QoS) it provides (deadlines, reliability and durability). DDS uses a Global Data Space
(GDS) instead of a ROS master. The Global Data Space is required for DDS for subscribers and
publishers to join and leave the GDS and be dynamically discovered. The GDS includes QoS
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policies as what should happen if something goes wrong. Figure 23 below illustrates a GDS in a

DDS system [17].
—

Figure 23: DDS Global Data Space.

In this project, ROS will be used due to its large community and library. DDS is a service that
requires a third party application, and the more sophisticated programs are not open source such
as VR-link, RTI Connext and Simware. These programs comes with many plug-ins and easy
analytical functions, although this project will not need anything outside the scope of ROS. ROS2
is under development including DDS within the communication infrastructure. This will make it
easier to implement the QoS within the system architecture making it a real-time system.
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5 METHODS & IMPLEMENTATION

The section is dedicated to how different aspects of the project were implemented and which
methods were used to do so.

5.1 Motorcycle Construction

To be able to reach full immersion the driver needed to sit on a realistic representation of a
motorcycle with a seat and frame and such. An effective way to achieve this was by taking a real
motorcycle and remove the drive-train and other unnecessary parts to reduce the weight. When
fixating the motorcycle frame to the rig it was mounted at a distance from the plate of the rig.
The distance was equal to the distance that the frame is from the ground when it had wheels. This
was because the motorcycles natural rotational axises were then aligned with the rigs rotational
axises. This enabled the rig to use its full potential without putting unnecessary strain on it.

5.1.1 Motorcycle Attachment to The Stewart Rig

A wood-construction between the Stewart rig and the motorcycle was firstly used to quickly start
tests with the rig. This however, gave some noticeable damping between the rig and the motorcycle.
This creates uncertain behavior and is not an optimal solution considering safety aspects. To meet
requirement R 1 (Mechanical Structure), a steel construction had to be designed and constructed.
5 mm thick steel plates were water cut and welded together. The box was attached to the Stewart
rig using M8 screws and bolts to made it possible to easily remove it if needed. Attachment
points for the motor was used on the motorcycle to create a stiff connection between the frame
and the steel box. The frame and the box was painted black to not distract the eye. Holes on
the top and the bottom of the box made it easy to draw cables between the motorcycle and the
micro-controllers. Figure 24 shows the final solution.

Figure 24: Final design of the steel box between the rig and the motorcycle.

5.1.2 The Motion Simulator

For this project a hydraulic Stewart rig , MicroMotion-600-6DOF-200-MK6, was used. The con-
straints of the motion simulator lies in the limited actuators and the relatively low stiffness. If the
the motion simulator was to receive a signal out of bounds it will soften the motion after an ad-
justable threshold and stop at the maximum given value. These thresholds were kept according to
recommendations in the documentation for the simulation platform but the inherit motion cueing
filters were removed as they were not satisfactory.

The dynamic model and motion simulator share both rotate around the ground but differ in the

Cartesian plane for translational accelerations. The translational accelerations from the dynamic
model are extracted from the center of gravity of the motor cycle.The motorcycle’s center of gravity
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is above the motion simulator platform and therefore the frame for motion simulator is adjusted
with the following vector:

0
Ryp=10 (34)
0.7

5.2 Communication With Motion PC

The physical connection is made by an Ethernet cable between the host and the motion computer’s
Real time Ethernet jack(RETHO), creating a 2 computer network. A S-function-builder is used
to setup the UDP communications on the host. A 127-float array is created at the initialization
of the S-function builder. Using the standard winsock2 protocol a socket is created which sends
the array to the specific IP and port on the motion computer. To convert the integers into float a
union of an int32 and a float is utilized. To interface the simulink model remains a trivial task of
creating an input to which a signal in simulink can be dragged. All elements not utilized are set
to zero before transmission.

In order to use the different winsock2 functionalities the win 32 library has to be linked to the
S-function. This is done using the pragma macro, which is acceptable since the Microsoft Windows
SDK v7.1 compiler was used (which allows for the use of macro in compiling)
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Figure 25: Simulink S-function builder interface.

Include files and external function declarations
Includes:
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#include <math.h>
#include <winsockz . h>
#include<stdio. h>
#inelude<string. h>
#include<stdlib, h>
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Figure 26: Macro for linking to WS32.lib.

5.3 Simulation Model

Figure 27 shows the final version of the motorcycle model in Simulink. To fully fit the model into
this project a few augmentations are made from the base version previously described:

e Added a stabilizing force to prevent motorcycle roll crashes, especially at lower speeds.
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Added framework for TMeasy.

e Added a regulator to keep speed above slow speeds.
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Figure 27: Motorcycle model in Simulink.

Preventing Roll Crashes

During validation, the model turned out to be unstable in the roll angle when taking a turn. The
motorcycle model rolled too much, even at low steering angles. Figure 28 shows the roll angle of the
motorcycle when driving in 60 km/h with a 3 degree turn on the handlebar and no acceleration.
The roll angle continuous to grow during the large turn and when the motorcycle is tilted 70
degrees the tires presumably loses grip causing the model to crash after only a few seconds (40
meters travel length). This is not realistic and an unwanted behavior that must be prevented to
meet requirement R 13 (System Stability).

0.5 1
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2

Figure 28: Roll crash, angle in degrees as a function of time.
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To solve this problem a counteracting force was applied perpendicular on the main frame when the
roll angle passes a certain threshold which is illustrated in Figure 29. This threshold is set to 17.3
degrees since this is the maximum roll angle on the Stewart rig (see Figure 3). A switch triggers
the counteracting force if the roll angle value is more than +17.3 degrees. Two PID blocks and a
gain block were tuned and used to give a force sufficient to stop the motorcycle from surpassing
the allowed roll angle while not destabilizing the motorcycle due to overshoot.

Figure 29: Roll crash solution with added force.

The output from Roll angle (PID regulators) was then fed directly into the mainframe. Th body
actuator is a local body requiring no additional conversion before its application on the mainframe.
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Figure 30: Roll crash solution, cyan blue sub-block in Figure 27 called "The Stabilizing Force".
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Figure 31: Roll crash solution, cyan blue sub-block in Figure 30 called "Roll Angle".
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The PID-solution is seen in Figure 31 which is a sub-block called "Roll Angle" from Figure 30.
The result with tuned PID regulators are displayed in Figure 32. (The same settings as for Figure
28 are used). As seen in the figure, the solution shows minor oscillations but remains stable over
time and clearly prevents the motorcycle from having a larger roll angle than 17.3 degrees. This
ensures the model stays stable in curves when tilted. The force however, only acts on the main
frame and there is still an issue with the front wheel having unstable wobbling
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Figure 32: Roll angle as a function of time.

5.3.2 Framework for Tire Models

As described previously in the report the model utilizes Pacejkas magic formula. However, due to
an issue with unstable pitch acceleration at low speeds an attempt to solve this issue with Tmeasy
is made.

Using TMeasy it is possible to describe the forces applied on the tires while only using transversal
speed in z and y direction as well as the rotational speed of the wheel, §2, as inputs. The task then
becomes to determine the generalized forces curve (utilizing the parameters S, §* S% FM and
dF?) and perhaps the equations for the displacement of the contact point described previously. To
verify the behavior of the tire model one can use the Pacejkas magic formula, run at higher speeds,
and compare the two models. While this is not perfect it would give a good starting indication of
the tire model.

The model is designed fully in Simulink and utilizes the same inputs as Pacejkas magic formula on
the front tire while the rear tire has the same inputs except for engine torque which is applied to
the rear spindle. The load on the tire was during testing taken from the magic formula as load is
considered constant, however for TMeasy have the following inputs and outputs:

e Inputs e Outputs
o I,

o Wheel sensor

e Spindle sensor
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Figure 33: Front tire model.

First the slip calculations are performed.
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Figure 34: Slip calculations front tire x
direction.

The two slip calculations are combined to the generalized slip. Due to issues with getting the model
to work the displacement of the contact point is not currently used. If this was to be implemented
the radius of the tire would obviously change and therefor the radius of the tire could not be
considered a constant, IE the constant gain rp needs to be changed.
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Figure 35: Slip calculations front tire.

Next step is to determine the generalized force curve. In this steps 5 parameters need to be
determined: SM, S* S5 FM and dF’. These are key parameters that needs to be tuned for the
model to correspond to the Pacejkas magic formula. More on this further down in the report.

As described by [34] the generalized forces can be described by

FO

F(8) = i 0 5 < 5 (85)

].—‘rw(sw"‘ M _2)
F(8) = FM —a(S - $™)%, 5™ < § < §* (36)
F(S) = FM 4+ a(S% - 5)?,5* < § < 55 (37)

where 0 M

dF° F )

0= = (o) o

and this is done in simulink utilizing three different equations, two of which will always be equal
to zero.
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Figure 36: Generalized forces.

The image below shows how two of the equations will always be zero, the boolean will only be true
for one interval.

31



KTH - Mechatronics MF2059

Relational

Operator
Constant

St
£ Boolean |4

= OLogmaI Relational
) s peratar Operator1

F(S) <
F(s), 0<=s<=sM Constant1

Figure 37: Generalized forces example, interval described by equation (35).

The block F(S), 0<=s<=sM computes F(S) as described by equation (35). The forces in the
different directions can now be determined as TMeasy describes forces only with the generalized
forces and the slip in a certain direction. What remains now is only to translate the tire forces
upon the wheel. Unfortunately this project failed to verify good behavior for the TMeasy to justify
the switch. This comes down to two aspects, the generalized force and the transference from the
tire to the wheel in a satisfactory manner. The generalized forces would need to be properly tuned
such that the forces are similar to the forces provided by Pacejkas magic formula. The transference
of the forces to the wheel also needs to be investigated further.

5.3.3 Shifting of The Velocity

Since the model is unstable at lower speeds and stable at higher speeds and all attempts to stabilize
lower speed behaviors failed a natural solution is to shift the velocity of the motorcycle. The shift
must be done such that the motorcycle simply does not run at lower speeds. A solution where
torque is applied to the back wheel is chosen. To make sure that the speeds never drop below a
threshold lever a P regulator was implemented.
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Figure 38: Switch determines which of the torques is the lowest.
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Figure 39: P-regulator, applies torque required to keep MC above 14m/s. Saturation set to 0.

The regulator works out which torque is smaller where negative torque means forward movement.
The applied torque from the engine or th e torque required to hold the bike above the threshold
value. If the torque of engine is not sufficient then the regulator kicks in and transfer enough torque
to keep the bike going threshold speed. The braking torque of the motorcycle is then applied before
the combined engine torque is applied to the back tire, and consequently the rest of the model.
One could consider braking a disturbance. The P regulator is tuned so that the motorcycle is still
above the low speeds even though both brakes are applied.

Aerodynamics is also changed to accommodated for this change in speed such that speeds are
considered relative from the threshold speed, see Figure 40.
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Figure 40: Aerodynamics set to compensate for the shift in velocity.

5.3.4 Velocities and Accelerations in Relation to The Motorcycle

As previously discussed the transversal velocities and accelerations are in relation to the absolute
coordinate system. To make this useful for the Washout filter these need to be transformed into
relation to the bike. As the accelerations in the x and x are known it is only a question of converting
them into their components, assuming that you consider it a rotation in one plane.

Az’ —me = Qg COS(’}/) — Oy Sin('y) (39)

Ay —me = Qg SIN(7Y) + ay cos() (40)

where ay, ay are the accelerations in the z and y world-axis and v is the yaw. While the az_ e,
ay’-me are the acceleration rotated around the z axis, that is accelerations in regards to the bike.

5.3.5 Powertrain Model

The Simulink motorcycle model used a static gain combined with an input to generate a torque
that was a percentage of a maximum torque of 750 Nm at all speeds. This meant that there was no
simulation of how the motor behaved at different speeds and different gears. A motorcycle should
be able to deliver different torque dependent on the rpm and gear to act realistically. Sound is
also a major part of the simulation experience and the engine sound changes with different rpm
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which should change dependent on the current speed and what gear that is used. This meant that
it was important have a functioning model of the powertrain to be able to deliver a more realistic
experience. The model that was built is based on the same motorcycle that was used to build the
physical part of the simulator, the Suzuki GSF 600 Bandit 2000[2].

D,
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Figure 41: The developed engine model.

The engine was modeled by using the torque-rpm curve for the real engine. This was done by tak-
ing out torque values at different rpm and the doing a curve fitting using a 4th degree polynomial
in Matlab, the degree was chosen based on how well the fitting corresponded with the expected
behavior of the engine, but it also need to be able to generate torque at low rpm while running on
gear 1. This created the need to design another engine model specifically for gear 1. That model
was based on acceleration and torque data at low speeds. The model for the engine while running
gear 1 became a curve fitted 5th degree polynomial that uses saturation to stay within the correct
torque. The model then uses the current rpm of the motor and calculates the maximum torque it
can deliver at this time. This value is then combined with what percentage of torque the driver
wants by using data received from the sensor on the physical motorcycle. The resulting engine
model can be seen in Figure 41.

The gearbox model was designed with an array of switches in Simulink and also uses a static
primary and secondary gear using the gear ratios of the reference motorcycle. The primary gear
is what connects an engine to the gear box and the secondary gear is what connects the output
shaft of the gearbox to the back wheel of a motorcycle these two gears are constant and are in no
way dependent on what gear that is used. The model was done as a heavily simplified model of a
gearbox and does not take any spring or dampening behavior of a real gearbox. It also does not
take any losses into account meaning that it became a very ideal model of a gearbox.
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Figure 42: The developed gearbox model.
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The gearbox, Figure 42, receives the current gear and then applies the correct gear ratio to the
generated torque delivered by the engine model and the outputs the torque that should be applied
to the back wheel of the model. The goal was to use a manual gearbox that uses inputs for the
physical motorcycle to change gear but due to time constraints the physical system for changing
gear was never implemented. This resulted in the development of a Matlab function that uses the
current speed to control a state machine which sets the gear that should be used. The script was
set up with some overlap between each gear to make sure that the gear does not jump back and
forth when the speed oscillates around the limit of one state. The speed limits for each gear was
decided upon based on the acceleration curves for the gears to generate optimal torque at all times
during acceleration. The design with the Matlab function is shown in Figure 43.

1 P Throttle
Throttle(PercentOfMaximum) TorqueOut
TorqueOut

Speed Out
pee ‘ gearOu gear Gear
gearCalc
Gear Calculation
MotorRPM ("2 )
m
(2} * speed(km/h) ® MotorRPM
Speed(km/h)
ManualPowerTrain

»( 3 )

Gear

Figure 43: Top level of the powertrain model.

Since the engine model uses rpm to calculate its output torque the rpm needs to be calculated and
then fed back into the model. This was done by using the motorcycle models current speed and
dividing it into angular velocity on the back wheel by dividing with the radius of the back wheel.
This angular velocity was the taken through the gearing and converted into rpm to be used as an
input to the engine.

5.4 Motion Cueing

The motion cueing for this project was made as simple as possible. A washout filter was chosen and
used to translate motions from the motorcycle model to the motion simulator platform. To increase
immersion a crash function was implemented for physical feedback on the user when crashing in
the virtual environment.

5.4.1 Building a washout filter

A classical washout filter was chosen for this project as with no accurate head tracking the other
washout filters would not be feasible and it was the quickest to tune, test and verify. The scalars
and time constants were tuned using a heuristic approach and changing values in real time. To
avoid common motion cueing errors such as false motion cues and lag the guidelines in [8] were
used. The washout filter was then tuned to stay within the motion simulators actuators limits and
then the driver’s experiences of the simulation.

5.4.2 Choosing Scalars and Limiters

Before the signals are passed through the washout filter they first need to limited and then scaled.
The limits are used for safety reasons while scalars are used to create a realistic motion.

The limits on the inputs were based on real motor cycle accelerations. It takes less than 3.5 s
for a fast motorcycle to go from 0 km/h to reach 100km/h. The limit on the acceleration should
forward, a, therefore be:

A
ay = th) ~ 7.9m /52 (41)
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The acceleration a, due to turning was first limited by a turn with a radius r = 80m in the virtual
reality environment with the speed of 100 km/h. The following max acceleration for a, was then
found:

02
ay =~ 4.9m/s* (42)

The limit on the acceleration a, is larger than the motion platform can perform(See Figure 8) and
was therefore limited to the max value 6 m/s®>. The limit on a, and a, were later limited even
further as the actuators in the motion platform had issues performing with higher limits. The accel-
eration in z was limited to 3 m/s in case of crashing to allow for more movement in other directions.

A motorcycle can lean over 45° to the sides (roll). The dynamic motorcycle model cannot handle
such rotations and is limited to leaning at a maximum of 20°. The roll was therefore limited to the
maximum angle allowed for the motion simulator. The limit for the pitch angle was set by testing
worst case scenarios including but not limited to crashing, accelerating from 0-100 and breaking
violently.

Non-linear scalars in the form of fourth order polynomials were tested but proved to difficult to
tune for all dimensions and were ultimately scrapped. The scalars (gains) for the transfer functions
in the washout were found by iteratively increasing and decreasing their values for the accelerations
and angular rates to be applicable on the motion platform. The scalars were than changed again
to create a realistic sensation for the operator. If new time constants were changed the gains were
altered if again. This process was repeated till satisfactory result for the gains were found.

Note that scaling a, with the constant K also scales the gravitational acceleration. Consider the
motorcycles acceleration in the z direction to be a,,,.. The acceleration a, is then:
Ka, = K(azme — 9) (43)

To scale the acceleration a, with a linear gain K the following strategy is recommended:
Qy = Kazmc ) (44)

5.4.2.1 Translational Channel

High frequency responses such as increasing the throttle quickly, the vibrations from the dampening
of the fork and breaking were used as starting point for designing the high-pass filters. The minimal
order for the translational high-pass filter is n = 3 as mentioned in equation 21. The translational
high-pass filters were then chosen to be of the second order with a first order return to zero for
more design options:

2
w
W — HPT 45
HE Wi pr + 2CwHpTs + Wi pr (45)
s
w e — 46
nrz wgprs +1 (46)
_ _ w12‘IPT s
Wapr = WupWrrz = (47)

2 2
Wrpr + QCWHPTS +WHPT WHPTS + 1

When choosing time constants for Wy pr the time constant wgypr was incremented for a faster
response until the users felt it was satisfactory. The problem then would be that the return to zero
would be too fast or too slow. By using the RTZ as a Wrpz buffer the motion back to neutral
could be slower or faster. Unique time constants for each direction in x, y and z were tested and
found.
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5.4.2.2 Rotational Channel

In the rotational channel only the pitch angle 6 is filtered. The yaw angle could not be implemented
in the motorcycle as it would interfere with the camera in the visual environment. In a motorcycle
the roll angle does not return to zero for longer periods of time. Rather than adding a low-pass
filter for roll (this would generate another dimension to tune; the gap between high frequency rolls
and low frequency rolls need to be very small) the true roll from the motorcycle model was used.
The roll in the motorcycle is forced to stay stable and cannot tilt more than 17.3 degrees. By
utilizing this fact the need for a high-pass filter for the roll angle ¢ was not needed.
The rotational channel was kept at the lowest order possible to make it easier to tune the washout
filter:
Wro = — (48

ro = WRC + S )
The time constant were found by finding a trade off between responsiveness and a smooth returning
to zero.

5.4.2.3 Co-ordination Channel

The co-ordination channel uses low-frequency translational accelerations to simulate continuous
accelerations. A second order filter was used for this purpose:

w?

cC 49
WeeS? + 2Cccwees + w2, (49)

Wee =

The time constants for Woo were chosen so to be slow. This was done as to not create large
"jumps" for roll and pitch angles on the motion simulator as they would prove to be jarring for
the user. The low frequency accelerations were than transformed Euler angles with equation 26.

For the acceleration forward to be sensed by user and not the rotation a limit on the rotational
speed was used. By reducing the rotational speed to a maximum 0.2rad/s the rotation cannot be
felt [26].

5.4.3 Crashing

The crash function uses input directly from the virtual environment in Unity. When the motorcycle
in the visual environment fatally collides with a virtual object a crash signal is sent to Simulink.
A direct movement backwards is then made to simulate a crash by ordering the motion simulator
platform to change its position. Note that this is a forced changed of position and not an acceler-
ation that is fed to the motion platform. The crash function can be found in appendix D, Figure
D83.

5.4.3.1 The Complete Washout Filter

Each channel and each direction in the channels were first tuned separately in real time with
input from the user. After usable values for each direction in every channel were found the whole
washout system would then be tested and then tuned. The time responses were satisfactory but
issues arrived when more than all dimension was used. The motion platforms actuators would
saturate to produce a motion effectively making the user feel no motion at all at certain times. To
remedy the this the scalars were changed and the whole tuning process repeated.

5.5 Driver Interface

To be able to create an immersive experience the input from the driver to the system needed to be
as close to the real input devices as possible. The handlebar is however not only an input to the
system but also an output that the driver uses to get a good feeling of how the motorcycle behaves
and while taking a curve this becomes extra important.
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5.5.1 Inputs From Driver

To get as realistic input devices as possible, the original handlebar and pedals were kept as intact
as possible and then the original movement were read using sensors. The throttle had two wires
where one retracts and one extends when throttling. The one that retracts when throttling was
chosen as the one to be read as this enabled a spring to be added to mimic the original behavior
of the throttle returning to zero due to springs on the original motor. This construction is seen
in fig 44. The torque in the throttle could then be tuned by tension of the spring by moving the
screw connector to the right to create a realistic behavior. The construction was also done for the
clutch for future implementation of the gearing system.

Figure 44: Wire-reading sensor.

The measurement of the hand and foot break were done by fixating a potentiometer to an axis of
rotation for the movement and reading the rotation of the pedal related to the axis. It is seen in
fig 45 were the movement of the potentiometer matches the movement of the brake.

=T o

Figure 45: Brake-reading construction, potentiometer is marked with red.

The steering was read with a potentiometer fixated to the motor axis and the frame. This gave
high enough accuracy at most situations as it used the gearing to have a larger change of angle
from a small change in the steering.

For safety reasons a start and stop button was assigned to a toggle on the handlebar. Using this
the user can tell the system to enable or disable the rig. This enabled the user to stop the hydraulic
rig if the user felt even the slightest discomfort.

5.5.2 Sensor Box Design

The part of sensors, especially the throttle and clutch sensor, Arduino micro controller, cables and
experiment board which used to connect sensors and Arduino need to be contained and organized
properly below the seat. In order to simulate the feelings of returning to zero throttle features, the
spring fixation attachments are added to the sensor box as well. The returning force of the throttle
could be changed by adjust the position of spring fixation attachments in the slots with the same
spring. As Figure 46 shows, the Arduino is fixed with bolts between the two slide potential meters
(the dotted area) and the experiment board with cables is covered on the Arduino by inserted pins.
The board is attached to the motorcycle frame through the 2 bolts on the each sides. In addition
to this, the outer layer of the wire needs to be fixed to prevent the wire shaking and only enable the

38



KTH - Mechatronics MF2059

movement of the inner wire which is connected to the spring, as seen in Figure 44. The sensor box
material is chosen as wood based on the consideration of prevent Electro-Magnetic Interference
(EMI). All the end of the cables or wires are covered with electric tape to improve robustness in
the system.

Figure 46: The sensor box base board.

5.5.3 Hardware Handlebar Torque Feedback

The final solution regarding the hardware for the handlebar torque feedback consist of three parts
which will be explained in this section. Those three parts are the motor, the transmission and the
motor driver. The chosen motor was a Dunkermotoren DC-motor GR63x55 245 watt combined
with the PLG52 gear box. Dunkermotoren is a well-known motor brand that sells reliable products
for a reasonable price which is why it was chosen. Table E5 shows specifications for the motor B.
The transmission is a combination of a gear box and a cable transmission. Otherwise the ratio

Table 1: Torque Feedback parameters.

Nominal torque 0.27 Nm
Torque constant | 0.064 Nm/A

Nominal current 4.9 A
Max current 33 A
Nominal voltage 24V

Nominal speed 3000 RPM

of the cable transmission had to be very large to get enough torque to the handlebar. A 1 mm
stainless metal wire was used for the cable transmission. It was not pre-stretched so one of the
end points had to be adjustable to keep the wire tight over time. The capstan was made using
PLA plastic and the drum was a combination of plastic and steel. The capstan had grooves on
its surface to increase the friction coeflicient in equation 33 since this gives a larger surface area
touching the wire. The grooves were made in a v-shape causing the wire to press itself into the
capstan during load which further increases the friction. The wire was wrapped 7 times around
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the capstan to decrease the risk of slipping according to equation 1. The final solution is shown in
Figure 47.

Figure 47: Final transmission solution, above- and side view.

The gearbox had a ratio of 6.25 and the cable transmission had a ratio of 5.12 giving a total ratio
of

6.25-5.12 = 31.98. (50)
This gives a nominal torque of
0.27Nm - 31.98 = 8.63Nm, (51)
and a peak torque of
0.064Nm/A -33A-31.98 = 67.5Nm. (52)

A full turn from left to right corresponds to a 70 degree angle which is close to one fifth of a full
turn. Considering the nominal speed and the total gear ratio, the motor can turn from left to right
. 3550 70

m . % = 0.11seconds. (53)

The Sabertooth 32A motor driver was used to control the dc motor. The switches on it was set
in Serial Mode to control it with an Arduino Mega. Using the DEScribe software, the current was
limited to 15 amperes, current limit smoothing was set to zero as well as ramping to minimize
delay in the system. The integer value from Arduino to Sabertooth were between -127 and 127
where 0 is straight forward and minus sign gives reverse direction. The higher the absolute value,
the higher the voltage causing higher torque.

OFF

OFF

+ Power Supply
Packet/Plain Text Serial

+ Address 128

%' No Emergency Stop

Legacy Simplified Serial

€
¢

Battery f &
i
Alternate Address (129)
t

Emergency Stop

Figure 48: Sabertooth motor driver setting.

5.5.4 Torque Control

The handlebar torque feedback controller receives its reference from the motorcycle model and
then controls the DC-motor that is connected to the handlebar to deliver accurate torque to be
felt by the user. For the controller angular velocity was chosen as feedback. This decision was
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made based on what kinds of sensors that were available and due to time constraints. There was
already an incremental encoder mounted on the motor shaft which reduced the time to implement
the controller and thus the whole system. The goal was to use a current sensor for feedback but
since such a sensor could not be found in time that would work well in this system. The only other
option was to build the circuit, which would have resulted in a noisy sensor. The angular velocity
approach was chosen instead.
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Figure 49: Development model used for tuning of the torque feedback controller.

For development of the feedback controller a model-based approach was chosen. The DC-motor,
the physical transmission and the driver’s arms and reactions were modeled and then connected
to the motorcycle model for development and tuning of the model. For tuning an experimental
method close to the Ziegler-Nichols method was used. The controller was first tuned in real time
simulations, then the simulation model was changed to evaluate the controller in discrete time, see
Figure 49. This delivered very good results when the controller was implemented on the physical
system with no additional tuning being required. The resulting control functions are shown in
equations 54 and 55.

Error calculation, where current is calculated using the last output voltage and multiplied with
the torque constant and the gearing in the system [11].

(u(k:—l)—KEw)

e(k) =r(k) —31.98 - Kr - (54)

R
Control signal calculation, where a = K- %, b=—-K,- K"';TS, K, =03, K; =100 and Ty = 5%1.
uk)=uk—-1)4+a-ek)+b-e(k—1) (55)

The main limitation of the controller as it was implemented was the frequency at which it can run.
Due to stability problems with the ROS-node located on the micro-controller and the interrupts
generated by the encoder it was not possible to run it faster than 54 Hz which is to low to get the
optimal performance out of the controller.

5.6 3D-Graphics and Virtual Reality

This chapter will explain how and why the whole 3D environment has been built up and what
features that where implemented, including everything from 3D maps to the animated human
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avatar. Project files and code is found on our GitHub repository [47].

5.6.1 Unity3D

For developing the entire 3D-world that would visualize our motorcycle in the environment and
take user inputs, the application Unity3D was used. Unlike the competitive game engine Unreal
Engine, Unity3D is a very easy and intuitive program to start developing a game from scratch
as well for their very rich manual [45]. As our team did not have any knowledge of 3D-game
development, choosing Unity3D was an obvious choice. It also included all the features that we
needed for the virtual reality.

5.6.2 Virtual Reality Environment

To make this motorcycle simulator as realistic as possible, virtual reality is going to be implemented
with a visual environment. Virtual reality uses head-mounted goggles to generate realistic images
and other sensations that simulate a user’s physical presence in a virtual or imaginary environment.
In this project, the VR equipment called Oculus Rift was used so that the person sitting on
the motorcycle could "look around" the artificial world and interact with virtual features. With
Unity3D’s built-in VR-plugin[44] the Oculus Rift headset could be used directly as a display by
plugging in the USB and HDMI cable, and settings some basic settings in the project settings.

Figure 50: Virtual Reality Headset.

The visual environment consists of two different pre-modeled maps. The first map added, Lake
Race Track [27] has a flat asphalt circuit with some severe curves and various rocks, lakes and
other objects. As this map was difficult to use for beginners, we had to add a second easier map,
Speedway Oval Race Track [7] which was easier to use at high speeds.

(a) Lake Race Track. (b) Speedway Oval Race Track.

Figure 51: 3D maps.

When starting the game, a simple GUI canvas [43] with buttons was implemented as a selection
menu. The menu consist of a set of buttons and an image, as shown in Figure 52 below, where
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the user can switch between maps, choose day/night mode, calibrate VR tracking and start the
simulator.

Figure 52: Main menu user interface at simulator startup.

5.6.3 Motorcycle Model

A raw motorcycle 3D-model of a Ducati [51] was downloaded and then painted and parts modified
in the modeling application Cinemad4D [22]. They where modified to match the real motorcycle
mounted on the physical rig as much as possible, as well as separating important sub-parts so
that they could easily be animated in Unity3D. Then the 3D-model was added to the map as a
game-object in Unity3D and could be dynamically moved both in global state and it’s internal
state, such as rotating handlebar, speed/rpm indicators etc. All this behavior is controlled by
the C+£-script modelcontroller.cs where all the variables of the motorcycle state are stored and
updated every frame-update, e.g. it’s local pose, speed, rpm etc. These variables are updated
from external scripts which handles the incoming data from the dynamic Simulink model. Some
feedback variables such as user-leaning, crash-state and off-road state are instead being fetched
from external scripts and sent to other nodes in the system.

(a) 3D-model representation of motorcycle. (b) First person view.

Figure 53: 3D Motorcycle model
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Figure 54: First person view in VR-environment.

5.6.4 In-game Dynamics

The motorcycle is set up with so-called "sphere-colliders" [42] for both front and rear tire as seen in
Figure 55 below. They are used as collision and road detectors, where data such as crash, off-road
detection and road-inclination could be extracted. It is possible to set spring, damper, friction and
slip parameters for the wheels but as these dynamics will primarily be handled by the Simulink
model, this feature is not used in Unity3D. However the vertical gravity feature is used for keeping
the motorcycle on the ground, as our Simulink model cannot handle those mapping dynamics.
The crash detection system is defined so that if the motorcycle runs at a speed higher than 50
km/h and collides into something at the front-most point on the front wheel, the game stops and
Unity3D sends a "fatal crash" signal to other nodes in the system. At lower speeds, Unity3D sends
a "soft crash" signal to other nodes which would handle that event. The crash signal consist of an
Integer between 0-2, where 0 is no crash and 2 fatal crash. The inclination of the road is calculated
by taking the difference in angle of the two wheels. By having a collision detector on the asphalted
road we can determine if both wheel are off or on the road. This data is then sent to the Simulink
node for feedback dynamics.

Figure 55: Road and crash sphere-collides on the 3D-motorcycle’s front /back-wheels.
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5.6.5 User Inputs

As the Oculus Rift headset had positional tracking 3D-space using its camera sensors, we could use
that for some user inputs. The user does not have access to any mouse or keyboard for pressing
buttons in-game, but instead with the provided pose of the user’s head a simulated mouse pointer
could be created. This interaction method is quite common in mobile VR application where the
user can’t access the touch screen, which is called "Gaze" input [40]. So by using your head’s
orientation to point and hover over a button for a specific amount of time, it would simulate a
click.

5.6.6 Human Avatar

For a better looking visualization an humanoid avatar was added on the motorcycle (Figure 56)
with his hands holding the handlebar, just like the user would. The hands are set as children to the
handlebar object so that if the user would turn it, the hands would follow its motion. Using the
motion tracking of the user’s head, the head motion is copied to the avatar and the avatar’s upper
body could also be dynamically rotated if the user would lean forward/backwards or left/right.
The rest of the human avatar could not be moved as we did not have sensors for that.

Figure 56: Representation of user as a human avatar.

5.6.7 User Leaning

The user’s body-leaning pose could be estimated by measuring the horizontal right or left trans-
lational offset of the head from the center-origin of the camera. This leaning offset can then be
used for additional dynamic calculations in the Simulink node, e.g. added forces on the motorcycle
while turning. However due to time constraints, this feature was not used in Simulink.
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(a) User leaning approximately 20cm to his left. (b) User leaning approximately 20cm to his right.

Figure 57: User leaning input

5.6.8 Motion Rig Filter

One problem that arises when using VR and motion platforms is that the motions from the rig can
disturb the 3D-view of the user. E.g. if the motorcycle makes a movement by pitching upwards
to simulate accelerating forces on the body, the user’s distance to the 3D motorcycle model in
VR would increase as the model does not pitch in VR. This also occurs while the rig is rolling.
This problem can infer VR-sickness and had to be solved to meet the requirements, R 12 (Cyber-
Sickness).

Therefor, the pose of the user’s view (VR-camera in-game) is moved and/or rotated depending
on the rig’s rotation as illustrated in Figure 58 and 59. Note that the the VR-view is rotating
around the same point as the rig’s center of rotation as shown in Figure 6. The following equations
used in the Unity code, calculates the new pose of the VR-view from the offset. P and R is the
pitch and roll of the rig in degrees respectively.

T
CameTaPosition = Yy (56)
2z — sin %
0z
Camerarotation = 0y (57)
0. — R

where z,y, 2, 0;,0,,0, represents the current pose of the camera.
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.o

Figure 58: The rig in normal- (left) and pitch- (right) position.

Figure 59: The rig in normal- (left) and roll- (right) position. Blue arrow shows angle of virtual
headset due to physical and virtual rolls additive behavior.

5.6.9 Communication and Integration with Simulink

This Unity node is only communicating with the Simulink node in the system, using ROS. Every-
thing that will make the VR-environment change is mainly controlled by Simulink. Both inputs
from the user such as throttle/brake and the motorcycle dynamic behaviors such as roll/pitch/yaw
are received by Unity. Data is also sent back to Simulink, such as crash-detection, user-leaning, off-
road detection etc. These input and output subscribing/publishing are handled in arraysubcsribe.cs
and publisher.cs by using the ROSBridge library explained in chapter 5.8.8. To make the system
as complete and integrated with Unity as possible, some features and error handling where added.
For example, if the motion-rig is disarmed by the user’s red switch or by the Simulink model, the
VR-environment will restart the scene and go back to it’s main menu. Also, if the Simulink model
crashes for any reason, the VR~environment will pause and display a "Game Over" interface.

5.7 Sound Engine

To increase immersion, sound is a must for the user to experience speed, gearing, accelerations and
brakes. By using the same tool as for the visual development Unity3D, the sound engine could
easily be implemented in the EngineSound.cs C#-code by studying Unity’s sound manual[41]. The
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audio clips (.wav, .mp3) are attached to objects called audio-sources which are placed near the
source of the audio in the 3D-environment.

5.7.1 Motor and Gearing Sound

By knowing the torque of the motor and looping a constant audio clip of a motorcycle motor at
4000 rpm and then pitching the sound, a motor sound was generated. For lower rpm:s, the pitch
would decrease and the opposite for higher values. To get as realistic sound as possible the pitch-
gain interval was found after some testing to be best at [0.4-3.4]. The following equation shows
the relationships between the audio clip’s pitch level and the current motor rpm denoted w,

3w

max

pitchmotor = +04, (58)

where wy,q, is the maximum torque that the MC’s motor can deliver, in our case 14000rpm.

If the current torque is zero, then the motor audio source is stopped. If the torque goes from zero
to a higher value, a single additional motor ignition sound is started. When gearing up/down, two
simple clutch sounds are initiated.

5.7.2 Braking Sound

The braking sound is done by using the value of the user’s front-braking input state [0.0 - 1.0]
where 1 is full brake, and a sound clip of a motorcycle braking and skidding on asphalt. If the
user brakes at 30% or more, the sound will be initiated and also pitched depending on the current
braking-state by the user input. The back brake state is however not used/implemented for this
sound because of time constraints, but should be added for a more realistic sound. The pitch-level
of the brake-sound is set to equal the braking-value while the user is holding the front-brake, thus
at the interval [0.3 - 1.0].

5.7.3 Other Sound Effects

By knowing if the motorcycle’s tires are currently on the main road or outside, a simple looping
vehicle-on-gravel audio clip is played during the off-road state. If the 3D-model crashes into some
other game-object in the virtual environment, a vehicle-crash sound effect is initiated. Some audio
sources and clips such as birds, city noise and music are also added to the maps and main menu.

5.8 ROS as a Communication Infrastructure

All systems working on multiple machines requires robust communication. A real time infrastruc-
ture that can provide low latency, distribution of information and synchronization. Building the
highway between all the entities. The publishers decides what frequency their corresponding topics
will have, as the subscriber will run its callback function every time it receives a message. ROS
uses both TCP and UDP for the communication, in this project mostly TCP will be used as the
protocols used to communicate with external software only supports TCP.

5.8.1 ROS Master

The ROS master handles all the naming and addresses for the rest of the nodes. The main purpose
of the master is to pair the nodes that wish to communicate, once this is done, the nodes will
establish a peer-to-peer connection. A RPI (Raspberry PI) will be used to setup a ROS master,
the RPI running Linux Ubuntu Mate 16.04 with ROS Kinetic installed.

ROS Nodes & Topics

A node is a participant in the ROS network that can share its information with other nodes. The
information flowing in the ROS network are shared between the nodes using defined Topics. A
node can publish and subscribe to multiple topics in a system.
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Figure 60: System Architecture.

The system architecture can be seen in Figure 60. Every ROS node that sets up a peer-to-peer
connection with another node have a preset topic, the preset topic defines the message structure
and the custom messages needs to be configured on every node that will participate in that specific
topic.

The only part of the entire system not entailed by the ROS-network is the motion computer. This
is due to a desire not to tamper with the motion computer, since any accidental tampering with
core feature could potentially results in weeks of repairs. Therefore the decision was made to work
with the interface already in place on the motion computer.

5.8.2 Custom Messages

Custom messages are used to setup a specific structure for the system demands. The custom
messages are created in a Linux environment using ROS, the ROS master in this case. Then
the custom messages are sent to its corresponding application (Matlab/Simulink, Arduino and
Unity3D environment). More details for the specific application are explained in each sub-system
chapter.

5.8.3 Declaring Environmental Variables

As ROS will be run on different machines in a local network, network variables needs to be ad-
dressed. This is to make the ROS master visible to the rest of the network. Setting up the
ROS_MASTER_ URI will direct all the nodes to the master on the network. Moreover, ev-
ery node needs to declare their own address, either ROS HOSTNAME or ROS IP will do,
ROS_HOSTNAME will take precedence if both are used. This procedure is similar in Simulink
and Unity3D.

5.8.4 Wall Clock & ROS Time

Wall clock server is needed to synchronize the time between all the machines in the network. This
is not necessary to get the system running, although the wall clock makes it possible to accurately
measure the delays between nodes on different machines on the network. ROS also have a built
in header that includes a time stamp, if these stamps are setup correctly, the delays can easily be
displayed over the whole ROS network on any ROS node. ROS also have a built in clock that runs
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on every ROS node, the ROS time can be used as a stamp on a published message, the subscriber
then compares the stamp with its internal ROS clock and the delay can be extracted.

5.8.5 Data Centric Overview

There are multiple features in ROS that facilitates debugging and observability. Commands that
can be used on any native ROS node that displays the nodes connected, the topics advertised,
their associated message type and the amount of publishers and subscribers. It is also possible
to display the bandwidth and frequency used over a topic in real time, furthermore delays can be
displayed between two nodes over a topic, however this requires that headers with time stamps
are included in the message and that they are set up correctly. It is also possible to observe what
protocol is used over all topics. This will be used to verify the requirement R 8 (Data Centric
Infrastructure).

5.8.6 ROS Recordings & Visualization

ROS have a built in function called ROSbag which can record and store all the flowing data in the
network inside a data lake. This function can be very helpful for debugging purposes as all the
system data included in the ROS network can be gathered in one place. Rqt is a software framework
that offers various plug-ins to visualize either recorded data or near real-time data as the system
is running. This will be used to verify the requirement R 8 (Data Centric Infrastructure).

5.8.7 ROS Node on Simulink & Matlab

In Simulink there is a toolbox called Robotics System toolbox, this toolbox makes it possible to
start a ROS master or connect to an existing master on the network. [20] This toolbox only
supports TPC communication and is therefore slower than UDP communication. However, for the
purpose of this project, TCP is proven to be fast enough. Publishers and subscribers are created
on the Simulink model and all the environmental variables are setup in a Matlab script. One way
to create custom messages is to downloaded the custom messages from a native ROS node and
then compile them using ROS Custom Message Support [21]. The Figure 61 below shows custom
messages in Simulink as blocks.

Terminatori

<AccSensor>

Speea
ROS
I=Maw o
Subscribe Y ...
<BrakeFront= oS
Msg - .. funityarisylopsc
~ farduino_sensor_topic = BrakeFront Publish
[+
Subscribe <BrakeBack> R
o
<EmergencyFresze= - e
L —
<ToMeutral=>
B
Rssgament
(a) Simulink Subscriber (b) Simulink Publisher

Figure 61: Simulink & ROS.

The subscriber block in Figure 61a defines what topic to listen to which is the arduino sensor topic.
The structure of the message are preset and must match the publishing structure, the message then
connects to a bus selector where it can be distributed to the rest of the model. Figure 61b works
about the same way as the publisher, first a Blank Message is set where the message type is defined.
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Connecting it to a bus assignment then displays the corresponding message structure, publishing
block is then used for the merged message where the publishing topic is set. Simulink usually runs
the simulation as fast as it can. As the model is designed to run in real-time, setting the pace of
the system is necessary for it to run in real-time.

Set

Simulation Error 1 sec/sec

MATLAB Thread

1 sec/sec

Figure 62: Simulation Pace.

Figure 62 shows the block in Simulink making the model run in real-time. Although this block
can only slow the system down if it runs to fast, if the error starts to add up, this means that the
system requires more processing power than available.

The Simulink model requires 64 bits float and integers, to satisfy the system, the custom messages
around Simulink used 64 bit variables. Adding more variable to the custom message, it increased
in size and at one point the message size jammed the publisher. As a 32 bit variable would give
the same accuracy as a 64 bit variable, changing the variables to 32bit floats and integers solved
the jamming problem. The variables was then converted in Simulink to the size preferred by the
model.

Standalone Node On a Linux System

This option requires the Simulink Coder package and Robotics System Toolbox. [19]. Generating
c++ code using the Catkin compiler, this makes it possible to run the whole Simulink model on
an external ROS device. However in the case of this project, Simscape v1 is not supported with
the c++ catkin compiler. Upgrading the Simcape blocks would make it possible to run the whole
dynamic model as a standalone node, as a standalone node would require less processing power
than a Simulink simulation. Furthermore, Simulink have frequency restrictions unlike a standalone
ROS node.

5.8.8 ROS Node on Unity3D using ROSBridge

Unity3D operates in the realm of Csharp which is not directly compatible with ROS. ROSbridge
is used to integrate ROS functionality with Unity. ROSbridge provides a JSON (JavaScript Ob-
ject Notation) API which is used to exchange data with non-ROS programs. ROSbridge is easily
installed on a ROS master, using already developed open source APIs [23] for Unity3D to com-
municate with the ROSbridge. However, Csharp scripts for custom messages, subscribers and
publishers needs to be written and compiled for Unity, furthermore how to communicate with the
ROSbridge and the ROS network. In this project a TCP websocket is launched that Unity3D can
connect to for a full duplex communication.

5.8.9 ROS Node on Arduino using ROSserial

ROSserial is a protocol that makes it possible for an embedded controller for example an Arduino
to be connected to the ROS network via a serial cable or a network socket. As the Arduino have
both digital and analog pins, these pins can be directly mapped to the ROS infrastructure. The
Arduino IDE is used on the RPI to manage the Arduino.

To create custom messages for the Arduino environment, ROSserial have a command for generation
of custom messages. Creating the custom messages on a native ROS node, the messages can then
be generated using ROSserial for the corresponding system, in this case the Arduino. [5]

Two Arduinos will be used in this project, as one will handle the sensor readings and publish the
data to a topic and the second Arduino will handle the H-bridge and subscribe to a topic on the
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network to provide the H-bridge with the latest values.

The Arduino baudrate over the serial bus was set to 57600 as standard, as the publishing Arduino
exceeded a certain packet size, it easily placed itself out of sync, increasing the baudrate to 115200
made it run smoothly. The reason was that it needed to send two separate packages for one mes-
sage. As the Arduino run cyclic execution, the frequency of the embedded controller depends on
the time it take to execute one cycle. To test the frequency of the subscribing Arduino, one simple
publisher was used on the same node. One could argue that the publisher would slow down the
Arduino cycle time and produce an inaccurate frequency, but tests showed that a simple publisher
or subscriber using a light topic sending and receiving nothing but header files have almost no
impact on the cycle time.

One Arduino alone can handle both publish and subscribe, however, using interrupt handler inside
the Arduino controlling the H-Bridge puts it out of sync when running high frequencies. As the
interrupts seems to take up to much of the processing power on the Arduino, the ROS callback
function runs out of time and the Arduino reboots. As the frequency was decreased the Arduino
could handle both the publishing and subscribing on one Arduino around 50Hz. As this frequency
was to low for the sensor inputs, one more Arduino was installed to handle the interrupt together
with the control function of the torque motor.

5.9 Complete System Startup and Project Files

This section explains how to use the motorcycle simulator and were all the necessary files for the
project is stored.

5.9.1 System Startup Guide

To start the motorcycle simulator, a PDF-guide is available in appendix A.

5.9.2 Project Files

All project files are stored on our public GitHub Repository called MC-Simulator-with-VR [47],
where all files are sorted in four main folders. The Arduino folder contains code that are im-
plemented in the two Ardiuno Megas. The Raspberry Pi folder contains ROS files for custom
messages, launch files, ROS packages. The Simulink folder contains the Matlab and Simulink files.
The Unity folder contains all unity project files as code, assets and plugins. The Raspberry Pi,
Simulink and Unity folders also contains documentation PDF':s to assist future modifications.
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6 VERIFICATION & VALIDATION

To verify and validate the system against the requirements defined in chapter 3.3, subsystems had
to be tested individually as well as the whole system together.

6.1 Motorcycle Construction

To be able to validate that the system complied to the requirement R 1 (Mechanical Structure) the
mechanical structure needed to be tested by applying large forces to it to test the stability. Both
in weight in form of multiple people and in the way of rotational and translational forces. This
was done by applying both large forces over a longer period and also applying fast impulses. By
applying larger forces than expected from normal use it can be verified that it can handle normal
use. The rig was also under heavy load during normal testing and during the fair.

6.2 Communication with Motion PC

There is no perfect way to determine the execution time of the s function builder. The best way
to determine how long the transmission takes is to measure how long it takes to send and receive
a message. For this end the a receive part was added and a sort of "ping" was setup. This is done
by measuring the time for a transmission and successful reception, using the windows function
GetTickCount(); . GetTickCount() is included in windows.h.

start_time = GetTickCount () ;

if((=endto(sockfd, messagez, BUFLEN, 0, (*servinfo).al addr, (*servinfo).ai s
printf("Iending failed™)
exiti(l):
}
/¢4 duElapsed = GetTickCount () - dwStartTime;

A4 printf ("It took %d.%3d seconds to complete'n™, dwElapsed/1000, dwElapsed -

if (recv (sockfd, recwessage, 152, 0 !'=0){
end time = GetTickCounti):
¥
printfisf, iend_time—start_time]h:

Figure 63: Code for investigating run time execution of UDP send & receive.

6.3 Simulation Model

To validate that the simulation model worked as required by the rider, extensive testing was needed.
These tests were at first focused on checking that the inputs were working as they should(throttle,
front brake, back brake and steering angle). As development continued the test were more and
more focused on the stability of the model according to R 13 (System Stability). To test the
stability the tests were designed to check the speed interval that the model could handle without
crashing as well as testing at what rates braking could be applied at the back and front wheel.
This was done since it became clear during test runs that braking at to high rates would get the
model outside the safe speed interval. The roll behavior also needed to be tested and limited due
to the Stewart Platform and to increase stability.

The simulation model behavior also needed to be verified in terms of R 12 (Cyber-Sickness) since
if the motion generated by the platform is not accurate enough they will add to the problem with
motion sickness. These tests were done by having external users testing the simulator and give
feedback on what felt wrong and what made the feel bad during the test-drive. Both people with
experience driving a motorcycle and people without tested the simulator. This made it possible to
get feedback about realistic motorcycle behavior from motorcyclists and more feedback about what
caused motion sickness from those without motorcycling experience. This was done to validate the
user needs of the simulation model as well as for the full simulator, with the goal being that the
user could drive the motorcycle in a virtual environment using physical inputs and have a realistic
simulation.The work to verify and validate the simulation model naturally went hand in hand with
verifying and validating the washout filter.
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6.3.1 Powertrain Model

During development the powertrain model was tested with different driving condition. Both the
engine model and the full powertrain model were verified in Simulink by comparing their delivered
torque at different speeds and then comparing that data to the performance data of the refer-
ence motorcycle, the Suzuki GSF 600 [2]. The goal was of course to get as close to the real life
performance as possible.

6.4 Motion Cueing

6.4.1 Verification of Washout

As there were no reference signal there is nothing to compare the output of the washout filter to.
To verify the washout filter the operator had to logically deduce if the motion responses felt correct.
Tests were done to make sure R 11 (Motion Cueing - false cues) and R 10 (Motion Cueing constant
accelerations) were met. While they could be verified finding the exact tilt for R 10 (Motion Cueing
constant accelerations) could not be found. No way to verify R 11 (Motion Cueing - false cues)
besides user feedback was found except reading the signal. Closer analysis needs to be made for
human sense of acceleration for a conclusion to be made. To verify the need for the dimensions in
R 9 (Motion Cueing degrees) all dimensions except the dimension analysed were used in motion
simulation. If the operator did not sense a difference the dimension deemed superfluous.

6.4.2 Validation of Washout Filter

To validate the need to create a washout filter for all dimensions stated in R 9 (Motion Cueing
degrees) each dimension was tested. Validation of R 10 (Motion Cueing constant accelerations)
and R 11 (Motion Cueing - false cues) was done by researching the subject of motion cueing and
tests on the the motion simulator operator. This tests were done to ensure that the user wold not
feel motion sickness. If the motions of the user are not in line with what is represented visually or
physically from controlling a motor cycle the user experience could result motion sickness.

6.4.3 Validation and Verification of Motion Cueing Functions

The user would often feel hitting a wall with no effect felt and no response when changing ground
surface felt jarring. Therefore a crash function and vibration function were added to fulfill the
requirement R 12 (Cyber-Sickness).

To verify that the crash and vibration function helped reduce cyber-sickness the user had to test
the simulation with and without these functions.

6.5 Driver Interface

As the driver interface is what the driver uses to interact with the rest of the system it was impor-
tant to validate that it worked in a satisfactory way so the user wouldn’t be annoyed or limited by
them, as well to verify our requirements. This were done by letting a lot of people test the interface
and listen to their feedback. By letting both beginners and experienced motorcycle driver test it
the level of realism could be understood and thereby verify requirement R 14 (Driver Interface)
and R 15 (Driver Interface Realism).

For the handlebar torque feedback, values in Figure 19 compared to equation 52 verifies that the

motor generating the torque on the handlebar is sufficient. Equation equ:turnSpeed verifies that
the turnings speed is sufficient. It is not realistic when driving to turn the handlebar from left to
right in less than 0.11 seconds. The mechanical design is therefor, fast and strong enough to give
torque feedback to the handlebar which satisfies requirement R 16 (Torque Handlebar Feedback).

During validation, external, experienced motorcycle drivers gave feedback that the produced torque
is too little in small angles when driving straight forward.
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6.6 Virtual Environment

6.6.1 Verification of Unity node

To verify the visual/sound node (Unity), requirements R 3 (Visual Delay), R 4 (Sound Delay), R 12
(Cyber-Sickness) and R 5 (VR Immersion) had to be fulfilled by doing different tests. For R 3 and
R 4, the delays can be measured using ROS tools and with a test-users (not from the team) that
would actuate random inputs and then see/hear the corresponding output. The test-users would
then tell their experienced output from the subsystem and the resulting delays would be verified.
To verify R 12 and R 5, test-users would try the complete system for at least 5 minutes and then
tell how they felt and what they experienced during and after the simulation. For VR immersion,
the users would tell if they where driving the motorcycle differently than from a regular computer
game. Those results would then be evaluated for verification.

6.6.2 Validation of Unity Node

The reason why all the verification-tests mentioned in the previous chapter was done, is because
without having all those requirements met, the user would cancel the simulation directly and/or
would most likely not want to use it again. No one wants to use a system where he/she would
feel delays or sickness, as well as if it would not increase the immersion by the VR-equipment. In
other words, if all requirements where fulfilled we could validate that the user would experience an
immerse MC simulator, which is one of the main needs of the user.

6.7 ROS as a Communication Infrastructure

Tests on the ROS network will be done to verify the connections between nodes separately and
then verify the whole infrastructure with integration of all the subsystems. Table 2 shows some
usual ROS commands used to verify the system.

Table 2: ROS Commands.

Commands Explanation
rostopic list -v List of all the topics including subscribers and publishers
rostopic bw "topic name" Bandwidth of the topic (B/s)
rostopic hz "topic name" Frequency of topic (Hz)
rosnode list Lists all the nodes in network
rostopic echo "topic name" Listens to the topic and prints the flow of messages

6.7.1 Data Centric Overview

One major perk with using a middleware as an extra layer is centralizing the flow of data, even
though there is a peer-to-peer connection between all the nodes, it is easy to display valuable
data from any ROS node. Table 2 will be used to verify the requirement R 8 (Data Centric
Infrastructure), moreover, that the ROS network is behaving as constructed. Furthermore, these
commands will be very useful when debugging the network, facilitating the search of errors in the
system.

6.7.2 Communication Connectivity

To verify the requirement R 6 (Communication Connectivity), different protocols and plug-ins
will be used. As mentioned earlier, Mathworks provides an easy way to couple Simulink/Matlab
together with ROS. ROSSerial will used to verify the Arduino connection, connecting the Arduino
with a serial cable to the RPI. Unity3D will be using ROSbridge to connect to the ROS environment,
opening a web-socket that will provide a full duplex communication between the entities, using
Ethernet as the physical layer. ROSbridge and ROSSerial will need some further installations
on the ROS master to establish a connection, the Robotics System Toolbox does not need any
modification on the ROS master.
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6.7.3 System Modularity

ROS enables a public/subscribe messaging pattern where the nodes can be easily plugged in or
plugged which will be used to fulfill the requirement R 7 (System Modularity ). To verify the re-
quirement, nodes will be added and removed to an existing functional system, testing the simplicity
and modularity.

6.7.4 Communication Delays

To verify the requirement R 2 (Motion Delay). Time stamps will be used and compared between
nodes, these tests will be conducted between two nodes peer-to-peer and will be added on the
existing system. Moreover, this will help verify the modularity of the system. A wall clock will be
used to ensure synchronization of time between different machines. ROS time will be used as the
common denominator, where these times will be compared between the nodes.
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7 RESULTS

This section is dedicated to the results of the different subsystems and of the system as a whole.

7.1 Motorcycle Construction

The construction proved to be successful as it could hold three persons without failing during
runtime so it can hold a heavy person. The construction also proved sturdy when stress tested
during normal testing and during a 2 hour demo session and it didn’t break or move. The system
thereby fulfills requirement R 1 (Mechanical Structure).

7.2 Communication with Motion PC

Using the "ping" does not give exact figure on the transmission/reception time but rather it relies
on windows ticks, which is typically between 10-16ms. Running this functionality revealed that a
"ping" took no longer than 1 tick. One can therefore say that a transmission takes at most 16ms
but one can not say anything more than that.

7.3 Simulation Model

With the final simulation model there were barely any system crashes and the model was stable
within the possible speed interval. The crashes that still happened were limited to over-steering,
meaning having a very large steering angle, at high speeds and locking the brakes at high speed.
This could make sense since you would crash this was done on a real bike. The model was also
shown to behave poorly at 0 kilometers per hour, especially when braking and low levels of torque
were switched rapidly. Which makes R 13 (System Stability) fulfilled for this subsystem. The
model is technically going forward while it is standing still in the VR which makes the behavior
not match up completely and the washout filter is based on accelerations, for a constant speed
there is none. But this disappears when the motorcycle picks up some more speed.

Feedback from motorcyclists made it very clear that the model does not act realistically while
turning. The input in terms of steering seems to be the direction the motorcycle should go in, not
the actual angle of the handlebar. This means that the simulation model simulates counter-steering
inside of the model but the user does not need to take this into account while driving, if the user
turns the handle bar to the right the motorcycle will go to the right and roll to the right. And if
the user tries to counter-steer the model will just turn in the wrong direction. This makes User
needs, section 3.3.2, not fulfilled since the lack of realism and more work needs to be done to get
the right behavior out of the simulation model.

The feedback from non-motorcyclist was mostly that the simulator was fun and they wanted to
use it again with only complaints on small amounts of dizziness after the test-run. This shows that
R 12 (Cyber-Sickness) is mostly fulfilled.

7.3.1 Powertrain model

The performance of the powertrain model was naturally highly dependent on the performance of
the engine model. So this part of the system was the focus during testing. The results is shown in
Figure 64 and 65 below.
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Figure 64: Torque curve for the engine at gear 2 through 6.

The resulting torque curves closely corresponds to the performance data meaning that the engine
models performance is very close the the reference motorcycles performance.
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Figure 65: Torque curve for the engine at gear 1.

7.4 Motion Cueing

The response sent to the motion simulator in each direction in each channel was tested. The high
frequency responses for step accelerations in in x, y, z are found below.
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Figure 66: Step response for throttle increase: Scaled motorcycle acceleration (yellow) and washed
acceleration (blue) in m/s? in x

Figure 67: Step response for turning: scaled motorcycle acceleration (yellow) and washed acceler-
ation (blue) in m/s? in x dependent on time s.
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Figure 68: Scaled motorcycle acceleration (0.3[same as filter]) (yellow) and washed acceleration
(blue) in m/s? in x.

The signals for the high response return to zero at a reasonable speed and follow the behavior of
the motorcycle. No false motion cues are found. The requirement R 11 (Motion Cueing - false
cues) is met. The angular displacement for pitch is tested with another step signal.

Figure 69: Pitch displacement in degrees for motorcycle (yellow) and motion washout (blue) with
accompanying acceleration in x m/ s2.

There are multiple movements happening on the pitch graph. The motor cycle is pitch decreased
due to breaking and then kept constant, the pitch acceleration decreases and than returns to
zero. Another step is introduced at 9 s when the acceleration is zero. The high-pass filter passes
the pitch increase till approximately 10.5. The pitch starts returning to zero but because of a
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positive sustained acceleration through the co-ordination channel the the motion platform is tilted
to simulate a sustained acceleration. In the remainder of the graph the pitch is following the
decrease of acceleration in x for both high and low frequencies. Note that the time to find a
constant tilt for the second low frequency acceleration is substantially longer than the first. The
pitch follow the requirements in R 11 (Motion Cueing - false cues) and R 10 (Motion Cueing
constant accelerations).The angular displacement in roll is tested for a sharp turn.

Figure 70: Angular displacement for roll in degrees for right and left turn.

To simulate a large roll the steering angle used is 25 degrees with a speed of 120 km/h. The roll
angle was increased was increased due to the constant acceleration in the y direction, verifying
R 10 (Motion Cueing constant accelerations). Max value was reached due to the violent turn and
the high speed.

The crash function was tested with clear results. The jerk backwards made crashing the motorcycle
experience more immersive and reduced feelings of motion sickness.

Signals that seemed of little significance were acceleration in z and the yaw angle displacement.

During testing yaw was only felt in extreme turns and the acceleration in z was only noticeable
with a considerable scaling up.

7.4.1 Frequency Response
Below are the bode plots for the filters used in the washout filter.
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Figure 71: Frequency responses in the translational channel

[=1

Bode of rotational channel filter for pitch angle, W

Frequency (rad/s)

RCpitch

Magnitude (dB)
b A
f=1 = o

S
=1

&
=]

=]
o

Phase (deg)
-y
o

Figure 72:

10! 10° 10° 102
Frequency (rad/s)

Frequency response in rotational channel

62



KTH - Mechatronics MF2059

Bode of rotational channel filter for pitch angle, W,
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Figure 73: Frequency response in rotational channel
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Figure 74: Frequency response in the coordination channel,

passed accelerations are later trans-
formed to pitch
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Figure 75: Frequency response in the coordination channel, passed accelerations are later trans-
formed to roll

The motion delay caused by the washout filter was not pinpointed accur

7.5 Driver Interface

The driving experience was satisfactory for new users and they said that they weren’t restricted
by the driver interface so requirement R 14 (Driver Interface) was fulfilled. Experienced drivers
did however feel that the driver interface did lack a few parts. These were the ability to input
leaning to the dynamic model, too low stiffness in the front and back brake, and throttle and a
steering torque that better corresponded to the feeling of driving a real motorcycle. The system
did thereby not fulfill the requirement R 15 (Driver Interface Realism) and left some parts up for
improvements in future work.

7.5.1 Handlebar Torque Feedback

The torque feedback system was mainly evaluated using the development model that was used
to develop it. Figure 76 shows the resulting step response of the system. The main feedback
from users was that the magnitude of the torque was to low which was solved by increasing the
magnitude of the reference signal that was sent to the controller.
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Figure 76: Step response for the simulated controller with the modeled system.

The limiting factor for the controller was the frequency at which it could be run. The low frequency
caused the controller to be unstable, which effected the response time of the controller since the
gains within the controller couldn’t be set to high. There is also an delay in the response since
the controller can’t sample or actuate any faster. The controller could also be interrupted by the
while calculating which will effect the performance and stability of the controller even more.

7.6 Virtual Environment

As table 4 showed in chapter 7.7, requirement R 3 (Visual Delay) and R 4 (Sound Delay) was
fulfilled as the measured delay of the Unity3D node was smaller than 20ms. Full system tests
carried out by 50 external test-users during development, showed that there where no cyber-
sickness introduced to the users to 90% of all cases. In 10% of the cases, the user could feel sick
after using the complete simulator, if some other node where failing, which did happen in the early
test-stages. Thus, requirement R 12 (Cyber-Sickness) was considered fulfilled. During the same
tests, the users would also tell how they felt that the immersion of the VR~environment impacted
the way of driving the motorcycle, compared to a regular game. In every case, the result was that
they where afraid of driving into obstacles or out of the main road, one example of an user getting
scared of crashing is illustrated in Figure 77. One citation of an user, "It felt like being in another
world...!". This is definitely a confirmation of a fulfilled requirement, R 5 (VR Immersion).
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Figure 77: Scared external user during the demonstration day.

7.7 Communication Infrastructure

Here results will be displayed in what bandwidth, frequency and delays the messages have between
different nodes and machines. Furthermore, the protocol in use, the publishing and subscrib-
ing nodes, and the topics in use. As all the applications proved to work with one another the
requirement R 6 (Communication Connectivity) is fulfilled.

Table 3: ROS Parameters.

Topic Publishing Node | Subscribing Node | Bandwidth | Size | Protocol | Frequency
Arduino Sensor | Arduino Sensor Simulink 365 KB/s | 24 B TCP 151 Hz
Unity Array Simulink Unity3D 714 KB/s | 48 B TCP 148 Hz
Torque Control Simulink Arduino Torque 215 B/s 4B TCP 54 Hz
Game Mode Unity3D Simulink 990 B/s 12 B TCP 83 Hz

The result in table 3 are all extracted from the ROS master, with the commands mentioned
in Table 2. Fulfilling the requirement R 8 (Data Centric Infrastructure), verifying a data centric
infrastructure. The frequencies depends on the publishing node , in Unity3D the frequency depends
on the volatile frame-rate of the game. However when driving as usual the frequency were stable
around 80-90 Hz.

Table 4: ROS Delays.

Publishing Node | Subscribing Node | Size | Delay (mean value)
Arduino Simulink 16 B 22 ms
Unity3D Simulink 16 B 11 ms
Simulink Unity3D 16 B 12 ms
Simulink Arduino 16 B 23 ms

Table 4 shows the delays between different nodes, note that these delays are calculated using header
messages with a size of 16 Byte, including the time stamp. The ROS time was used to stamp the
published messages, the subscriber then subtracted the stamp time with its internal ROS time,
displaying the delays. To include the ROS time with the transmission, a standard message in ROS
named Header was used. Test topics were integrated with the functional system and not with the
existing topics, resulting in additional topics in the system running simultaneously with the system
topics in table 3. The wall clock was also setup on the RPI to ensure no difference in time between
the machines. For Unity3D a custom message was designed to include the header. As the delays
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cover the transmission for all the nodes in the ROS network, the requirement R 2 (Motion Delay)
cannot be fulfilled due to the lack of information about the Simulation delays and the actuation
delays on the motion rig. Although the delays can be added to display the communication delays
on the system inside the ROS network.

By doing these tests, the requirement R 7 (System Modularity ) was verified as the system proved
itself to be modular, furthermore nodes crashing are easily isolated and less affecting on the rest
of the system.

7.8 Full System Results

As shown in figure 78 from the final demonstration day at KTH, the full system with all connected
nodes where able to function and maintain stable for a 2 hours of usage. Some individual nodes
required a restart if the user would do a fatal crash with the motorcycle model, but did not occur
very often. This fulfills the requirement, R 13 (System Stability). The total cost of the project
can be seen in E.

Figure 78: Complete MC Simulator running with VR and safety-harness attached to the user.
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8 DISCUSSIONS & CONCLUSIONS

This part of the report is dedicated to discussions and conclusions drawn during the project.

8.1 Motorcycle Model

The work to stabilize the model was somewhat successful. The added stability due to the use of a
PID-controller applying a stabilizing force to limit roll should be considered a success. Having the
motorcycle model behave slightly different from reality while greatly stabilizing the model and the
limiting factor being what the hydraulic rig is able to achieve is an acceptable trade off.

The failure to incorporate the TMeasy model into the model and the consequential hotfix of shifting
the speed should not be taken lightly. The shift of the velocity resulted in a motorcycle simulator
that worked at low speeds but the performance improved with increasing velocity. This can be
compared to the unaltered model which was unusable for the purpose of the simulator at lower
speeds. Had the switch between tire models happened this issue could have been solved, meaning
that the possible positive outcome of this venture made it worthwhile (even in retrospect). Or
perhaps it is naive to think that TMeasy can be utilized without the calculation of the contact
point.

8.2 Counter Steering

To be able to make a turn with a motorcycle it needs to be leaning into the curve. So to be able to
make a right turn, the driver first needs to turn to the left to make the motorcycle lean to the right.
Then after it is leaning the driver can turn to the right to take the curve while leaning into it. This
behavior is called counter steering and is something that all motorcyclist needs to learn, some are
even unaware that they do it but still do it naturally when they drive. The dynamic model that
the whole project is built on had this behavior implemented into it. As it was created to be able
to handle steering input so that it is given the amount of turning left or right it will handle the
counter-steering by itself. To be able to have the driver preform the counter-steering this behavior
should have been bypassed. This proved much harder than expected and wasn’t done due to lack
of time. This makes the system lack a degree of accuracy so it could not be used to train drivers
to counter-steer. It however creates other feelings that an untrained driver could enjoy without
the risk of crashing a real motorcycle and get hurt.

8.3 Motion Cueing

The motion cueing was successful. It generated enough accelerations and rotations to simulate
driving a motorcycle with the use of a small space. No motion sickness was induced due to the
washout filter and the crash function and users felt as if they were riding an actual motorcycle.
Tuning each of the channels and direction by themselves helped opened up a lot of design space
for the washout filter that helped making it work. The tuning of the washout filter could however
been done better. The tuning process was costly in time with many the iterative steps and reliant
on the users understanding of riding a motorcycle. This led to a simulating to what the user
tuning the washout filter thought riding a motorcycle felt. While not wrong the motions simulated
are not completely correct either. The results compared to mathematically optimized classical are
far from ideal. The time response are faster while still retaining smooth returns to the neutral
position. In summary the rough behaviour of a motorcycle is present but the finer dynamics are
not which does make the simulator lacking for motorcycle development in its current form but has
potential if further refined. The delay caused by the washout filter should be looked in to. The
phase lag and it’s effects on multiple dimension was too complex to analyse for the full system but
was deemed to be negligible.

8.4 Virtual Reality

By having a Virtual Reality headset, there was no doubt that the user would feel a complete dif-
ferent driving experience than just using a regular big screen in front of the user. One consequence
of having VR is that there is a risk of cyber-sickness either if something goes wrong in the system
or if it is the first time for a user to experience VR. But this problem is not related to our project
as it can occur in every kind of VR application.
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8.5 Communication Design

As ROS cannot guarantee real-time and lack performance as a service (QoS). ROS was still the
winning choice of middleware due to its large libraries and communities. The main area that set
the requirements of the middleware was the API:s to the applications in use. A way to connect
Unity3D, Simulink and Arduino to a common infrastructure. ROS proved to satisfying the re-
quirement of system modularity, communication connectivity and data centric infrastructure.

To calculate the delays on the network between the nodes, extra topics were integrated with the
rest of the system. These topics was only activated when calculating delays. This could be slowing
down the system and increasing the delays. Moreover the time of the delays could differ depending
on the placement of the calculations in the code. A few parameters to consider is delay between the
creation of the timestamp and the publishing command, the delay between the subscription, the
subtraction of the local timestamp and received timestamp. One possible cause of the increased
Arduino delays compared to the rest of the system could be the structure of the code used in the
Arduino.

The end-to-end delay regarding the motion in the system could not be extracted, however, test-
ing the system, one could not detect any kind of delay from input to motion. Furthermore no
complaints were made about delays when tests were conducted by external users.

9 FUTURE WORK

This part of the report focus on potential future work the project team feels would be advantageous
to look into.

9.1 Safety Aspects

Including the Motion PC withing the ROS network would introduce a safer environment as it still
can be controlled if the Simulink model crashes.

9.2 Mechanical Design

To be able to get great immersion other sources of inputs needs to be added. This includes, but
limited to, wind and vibrations. Implementation of large fans to simulate the wind passing by the
driver at high speeds is something that really would increase the immersion. It was found in the
pre-study that these kinds of extra inputs to the user really elevates the simulation. Unfortunately
due to time limitations it could not be implemented during this project but is something that is
believed to be essential to do if someone would choose to continue to work on this project.

The vibrations from the motor is something that the hydraulic rig was not able to recreate due
to too high frequencies. This should instead be implemented with some sort of vibration device
that could either be mounted on the gas tank or the frame depending on what gives the mot
realistic feeling of motor and road vibrations. The rig is able to simulate road rumble but not high
frequency vibrations from gravel.

The clutch and gear shifting was not implemented but should be to enable full control of the
motorcycle as this is crucial for full immersion. The throttle and brakes tension should be changed
to be harder as some experienced drivers mentioned that they felt too lose, also any kinks in the
throttle movement should be removed as it can sometimes be uneven as the springs get stuck on
edges on the frame.

9.3 Simulation Model

The possibilities to improve the motorcycle model are plentiful. The completion of the switch
between Pacejkas magic formula to TMeasy is a natural place to start. This would decrease the
necessity to shift the speeds of the motorcycle and generally improve model stability.

It should also be possible to exchange the motorcycle model into only a Simulink model. This
would require some VERY good understanding of vehicle dynamics. Another approach would be
to fully build the motorcycle model in unity. This would ultimately decrease system latency even
further since it would effectively eliminate the need to communicate with Simulink.
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Another important part to improve in the dynamic model is to implement counter-steering as the
model used removed this behavior that is crucial for full immersion for experienced drivers. This
is also something that could be solved by completely replacing the dynamic model used in the
project.

9.4 Motion Cueing

There are two great improvements that can be made to this project. One is adding the model for
the simulator rig and the other is integrating the vestibular system to the washout filter[26]. For
the integration of the vestibular system to be fruitful precise head tracking relative to the motion
platform frame is needed.

The yaw motions cannot in the projects current state be used as yaw is used to position the motor-
cycle in the virtual environment and slips are therefore not felt. To improve the scalars non-linear
scaling could be used. This would ensure a large gain on big movements while not increasing the
gain on smaller movements.

The classical washout filter is functional but lacking. The problem lies within the classical washout
filter being tuned for the worst-case maneuverer for the motion simulator to not go out of bounds
and the need for human experience to parameterize. These points are addressed by adding the
vestibular model and a model for the motion simulator. Optimizing the washout filter with an op-
timal washout filter will then yield better results but taking the step further and using an adaptive
washout filter will be preferable as its bound to perform well on relevant frequencies and not all
frequencies.

Another issue with washout filters in general is the trade between space for motion and motion.
To have realistic jerks or slower motions there is a need for larger space, motions are therefore
often tuned down. Ways to increase the use of the given space could be made by moving the
operator to a more desirable position without the operator sensing the motion to then have more
space for a larger motion to be felt. This can be done by using a fuzzy control based algorithm [39].

9.5 Electrical Design

To read the steering with a potentiometer was sufficient in the beginning of the project to be able
to send the steering signal through the system to test it. The intention was however to eventually
change it to a good encoder to get higher accuracy that is needed while driving in high speeds as
then the amount of steering to alter the trajectory is very small. So to be able to reach the next
level of accuracy in the control an encoder would need to be implemented. To be able to read
the encoder a separate unit should be used as the Arduino was put under heavy load when using
interrupts. Using a separate unit would allow higher pulse-per-rotation count and give the position,
then use an Arduino or preferably something stronger to do the calculations for the controller. A
current sensor should be used to be able to know the torque that the motor is applying to the
handlebar and at what position it is.

The implemented solution for stopping the system was a good idea that worked fairly well but to
increase safety, kill switches should be implemented that works even if Simulink or ROD crashes
as the current solution does not.

9.6 Virtual Environment

For improved visual immersion, more tracking sensors could have been implemented for tracking
and visualizing the user’s arms, hands and fingers in a more realistic way. In Unity3D the possibility
to animate bones with inverse kinematics for different actions could have been used also. The
virtual environment could also have improved by having different kind of motorcycle models.

9.7 Communication Environment

To improve the communication system there are some changes to do. Include the Motion PC
in the ROS network, as the computer uses Linux Fedora it would be an easy implementation.
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However, the software installed on the motion PC is provided by the company Bosch and therefore
should be contacted before any adjustments. Including the motion PC with the rest of the network
would make it easier to measure delays and would not make the whole system so dependent on
the Simulink model, as the Simulink model is the only node in direct connection with the Motion
PC. Change to Simscape V2 in the Simulink model would make it possible to compile the whole
Simulink model to a standalone ROS node. This would make the node lighter, more stable and
possibly faster. One major change to the system would be to upgrade to a DDS system, as this
would introduce real-time characteristics to the communication, however, that would mean to
change the whole architecture of the system. As DDS still uses a publish/subscribe pattern, ROS
version 1 does not support it. For debugging purposes, the ROS master hardware can be upgraded,
as the master records and visualizes the flow data of the ROS network, it can slow down the whole
system. Alternately having a more stable ROS node using Linux in the system. Integrate header
files in all the custom messages, this is to have a continuous measurement of the delays in the
whole system, although this could introduce unnecessary bandwidth to the system. Examine the
options for the ROSbridge websocket that is used to connect the game engine Unity3D, possible
to change the websocket from a TCP to a UDP communication to increase speed.

9.8 User Leaning

One of the most asked question during demos where the possibility to lean on the motorcycle while
turning. This input where successfully implemented using the VR - tracking system as described
in chapter 5.6.7, however due to time constraints we didn’t have time to implement those forces
on the motorcycle.

9.9 Motion Platform

The motion simulator could be improved with an electrical model to attain a higher stiffness for
more precise motions. To improve the motion cueing architecture by changing the control algo-
rithm for the motion platform itself and modeling it more access to documentation is needed.
Using the position of upper gimbals, lower gimbals and the actuator maximum length a relatively
simple model could be made for the motion platforms position and actuator position [26].

Other missing functions includes the position of the actuators from the motion simulators sensors.
The information from these sensor could be used to create a better washout filter with real time
feedback, verify the results of testing and to develop digital filters for the signals being sent after
motion cueing to the motion platform [26].

The whole startup process of the system could have been made simpler with some automated

launch process. This was not very easy to implement as the system is very modular and has
different nodes on different machines.
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Appendix A Motorcycle Simulator - Full System Startup Guide
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System startup guide

1. Turn on the motion platform rig by turning on the red switch so that the
green light turns on.

w SYSTEM OKw

2. On the motion PC, make sure to set the Mode Of operation of HyPCoS

UUclient to “Normal mode” and to acknowledge all errors in the Error
Handler window.

3. Log in to the Raspberry Pi with password New4you. Start ROS
communication by typing in these two commands in the bash:

> roslaunch master system.launch

> rosrun rosserial_python serial_node.py _port:=/dev/ttyACM1
_baud:=115200 __name:=Arduino_SUB

4. Open the Matlab script runModel.m and run the code.
5. Open the Simulink model mc_model_v3_7.

10of 2
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6. Run the model by pressing the green “play button”.

7. Open the Unity3D application and open the project folder “MCsim”,
(scene: race_track_lane). Make sure that the VR - headset is connected
though USB and HDMI.

8. Run the simulator-game by clicking the “play button”.

9. Now that ROS, Simulink, Unity and the rig is running, the user should be
able to start the Simulator with the VR Headset by looking at the button
“Start Simulator” and turn on the Rig motion by switching on the red
switch on the right side of the handlebar.
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Appendix B DC Motor Datasheet
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Appendix C Washout Filter and Crash Function

The design for the washout filter its time constants for the washout filter, scalers and dampening

can be found below.
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Figure C79: Complete washout filter

Figure C80: example of Limit and scaler
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Figure C81: Layout for transfer functions
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Changes in acceleration for x means rotation in y axis
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changes in acceleration for y means rotation of x axis
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S
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Figure C82: Tilt co-ordination block

Function Limits and scalers , Time constants and dampening
Translational channel
WHPT{E Limit = i6m2/s, gain =0.5 WHPx — 0.6283 5 CHPa: =2 WRT Zax — 0.004
W pry Limit = :i:6m2/5, gain = 0.25 wapry = 0.0269, Cgrpy =6 , WrTzy = 0.04'
VVH}DZ Limit = i3m2/s WHPz = 0.9425 5 CHPZ = 1.5, WRTZz — 2.35(
Co-ordination channel
Weoos Limit = £1m?/s, gain = 4 weoe = 10, (ccr = 0.1
Weey3 Limit = £1.8m?/s, gain = 2.222 weey = 10, (cc. = 2
Rotational channel
Wrep Limit = 16.7°, gain = 1, Limitonoutput =° wreop = 0.6
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Appendix D Crash Function

-1
Constant1
>
Crash >—>_|_:-Io\4p/
— —p—=a — Xextra
0 Switch Rate Limiter
Constant

Figure D83: Simulink Crash function

The rate limiter has a raising rate limitation 0 and a falling rate limitation of -5. This allows for
crashes to move the platform backwards in a quick fashion. With a set sampling time the falling
rate in the rate limiter decides how quick the jerk back is.
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Appendix E Project Cost

The budget for the project was 25000 SEK. The cost of this project was relatively low since the
most valuable part of the project was the Steward platform and the motion PC that controls the
platform which both were provided by KTH and were free to use. Other than that, items that
needed to be purchased was a graphics card for the host PC to be able to use the VR-headset,
Arduino micro-controllers, a Raspberry Pi, a H-bridge for DC-motor, etc. The specific costs are
listed in the table below. The total cost of this project was 19077 SEK which was within the
budget. All prices excludes taxes.

Table E5: List of costs for the project.

Item Amount | Price in SEK
Oculus Rift 1 7000
Nvidia GTX 1060 1 2199
Arduino Mega 2560 2 399
Throttle sensor 2 65
Clutch sensor 2 19
Rotational potentiometer 3 59
Raspberry Pi 3 1 299
Raspberry Pi 3 charger 1 69
Sandisk SD-card 32GB 1 199
USB-B cable 5m 1 299
Unity map 1 300
H-bridge 1 1500
DC-motor 1 1000
Headphones 1 239
3D-printing material 0,35 Kg 53
Steel 5mm 1.2 m? 50
Wood 0.02 m? 10
Steel wire 1m 89
Back light 1 29
Motorcycle parts 1 2600
Motorcycle frame 1 2600
Total 19077
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