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Abstract

The purpose of this thesis is to design a motion simulatoa f@ilycross rac-
ing environment. The focus on the design is how to mechdyicedate the
G-forces and to model them. After that is done the visualgnsmotion has
to be electronically implemented into the motion simulatoeating as realis-
tic as possible an experience for the driver. A program dalprot is written
in National Instruments Labview to handle the communicatetween the
software simulator and hardware signals. Alot of focus isl ma how to
represent the much larger G-forces that are experiencedrealdrack in
the limited capacity that a motion simulator allows. Fosthurpose several
formulas are proposed, all of which have their benefits. Timalgtion en-
vironment used is Racer, a well documented racing simuldlkiat is still in
development by the creator Ruud van Gaal. Aprot continyaeslds specific
data from a file in Racer and uses the formulas to form themriference
values for mechanics. Aprot also has a PID-controller, abttie piston po-
sitioning can be optimized.

The original plan of this master thesis was to use Aprot orlles@iale pneu-
matic or hydraulic prototype. However, due to time and mooc@aystraints,
this was not done, leaving this work as a theoretical baseiohato build
upon.

Keywords: motion, simulator, Labview, Racer, design, pneumaticrautic,
G-forces
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Chapter 1

Introduction

1.1 Background and Goal

What exactly is a motion simulator? Within the boundarieshis thesis, it
is described as an object that more or less encapsulatesanerd creates a
false sense of motion on a somewhat stationary object threisgial display
combined with a device that tilts and/or moves a platfromating gravita-
tional forces. They are common in amusement parks and sivepstons of
them can often be seen in arcade halls. More advanced vetmiermade for
the automotive and aircraft industry, especially for mifit use, to train pilots
on the ground. Motion simulators as a joy ride have becomezrand more
common since their introduction in the late 1980's. The éased computer
capacity and development of electromechanical steerirgparésms have al-
lowed much smoother and wilder rides. Nowadays most soétsinulators
for racing are designed with motion simulators in mind, ofdlowing move-
ment information to be sent out on the TCP/UDP port for anotoenputer
to access. How exactly the information translates into mmms, is one of
the main business secrets.

Torpa racing, a small company that provides various out@otivities,
mainly focused around rallycross, wants a motion simulasoa part of ex-
panding their activities for companies that visit them.

The main purpose of this thesis is to find a working concepaforotion
simulator prototype explaining the solution to every mesbal and electri-
cal part of it. Due to the lack of time involved compared to ampany some
elements are focused on more than the other. Thereforeddibt® nauseous-
ness and the influence of visual display are only briefly nosetil although
they have a significant importance in the motion experience.

The work in this thesis is largely based on a modular approatiere
existing modules that can be used, will be used. As a resulencsimulation
software needs to be created, as there are already a numbanditiates,
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some of them free of charge.

There are already many different motion simulators in exise. So
what’s the motivation for not just buying one? Firstly thésehe price is-
sue. There is not only the price for the motion simulatorlfifdit also the
customization of a body, a rallycross car and a rallycramsktthat needs to
be implemented. Also there are some additional experighetgsan be built
in with a custom simulator. For example creating a shaky artigps even
slightly painful ride, which simulates the uneven gravatci. There is also
the control of the equations. With complete control of hoveteate forces
some new concepts, which perhaps don’'t work well on a geterek, can
be tried on this specific track.

1.2 Thesis outline

The main parts of the master thesis were to:

o Take a brief look at software simulation environments thaild be
used.

e Determine how the software to hardware interface would baedo

e Extract data from Racer which could be used to calculataepte
values.

e Create a control program with the data from Racer and the ifinpon
piston positions to control the analog outputs for the pisto

e Design a motion simulator.

The last two points are the focus of the thesis. Creating ithelator,
based on the design, is Torpa Racing’s job.

1.3 Simulator modularity

To furthermore pinpoint what exactly needs to be done theanaimulator
itself can be divided into several parts.

e Driver input

Simulation software

Software to hardware interface

A way to create forces

A module or platform on which forces act
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In most specialized simulators the driver input, simulatoftware and
software to hardware interface are handled by one programwih mod-
ularity these parts can be divided into three separate,enier driver input
and simulation software are bought, while the software to\ware interface
is a background program that works in between the simulatidtware and
the card that produces the outputs. The most important padvwe to create
forces is to have the right interface between hardware oditpon computer
and hardware input on the actuators. The design of the metatform is
important for the equations creating the forces. If it isgierenough the for-
mulas could just translate forces linearly. All this givé¥e tmain part of the
thesis became making the software to hardware interfacBgnthg out how
to translate the G-forces from the simulation software gorttotion simulator.

Note: The lines of code that exist in this paper are all basedvatlab
code structure.



Chapter 2

Why use Racer?

There are a few simulation environments out there that coale been used
as software instead of Racer (Racer website, see refejemte®’s a list of
the main competitors that were considered:

e rFactor (www.rfactor.net)
e Live For Speed (www.liveforspeed.net)

e netKar (www.netkar-pro.com)

All of these simulators use physics engines that model neéahd. They
are all also finished products, with new versions being dgead, as opposed
to Racer, which is still not released in a final version.

There are some key facts that differ Racer from these comaheimu-
lators:

e Racer is free

e You can model your own track, car and wheel setup in Racer. The
other programs do not support anything but modificationsxtstiag
graphics. This is the main reason why Racer is still poputesrzg sim
gamers.

e The developer is positive toward his product being used &ous
non-commercial use. Such as education.

e The source code has been released. Albeit it's for an oldorefsom
2003.

All of these factors, along with the fact that Racer is alsebding used
in a course given by Vehicular Systems, made Racer the be&techEven
though the source code wasn’t actually used in the final mtpdtuvas con-
sidered as a viable option for some time. Also, the limiteaktihat a master



thesis allows did not give the choice of examining the otludtwsare thor-
oughly.

The Aprot application has the possibility of, after beingdified, being
used on other simulation environments. One example of sutei simple
and user friendly Outsim interface that Live For Speed hage Eor Speed
includes an application, which when used will send the resmgsdata to a
port, using the UDP interface, allowing it to be received nather computer.
That computer can in turn control a motion simulator. Thenmaasons
why Live For Speed wasn't chosen for this project was it'kla€ physics
documentation, and the inability to make your own tracks earg.
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Extracting data from Racer

3.1 Different methods

When looking into different ways of getting the necessarnadaft which
acceleration of the car is the most important, three diffeapproaches were
considered.

1. Using the source code version. Modify source code.
2. Using the chair property of the 0.5.0 version.

3. Using the log from the latest beta version.

3.1.1 Source Code

The developer of Racer, Ruud van Gaal, has released theesoode for

the 0.5.0 Linux version of Racer. It is quite straightford@and easy to un-
derstand which classes and member functions to use to geleeation and

other data from the code. The approach had this method beennaild be

to write a class that compiled with the game, extracting theessary data
to the software to hardware interface. The main drawbackisfapproach

is that it only works for Linux. This means that there is no iguieed sup-
port for force feedback. Making the code compile on Windosvpassible.

However, just getting a compiled version to run on Windowthatt crashes
would require several weeks of work, including tests. Theeaurity of not

knowing if the result would be good negated this option.
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Advantages Drawbacks

Manipulate source code Only works with Linux

Access to every variable in theOld version (0.5.0 is from 2003)
game

No (guaranteed) force feedback

3.1.2 Chair Property

Racer version 0.5.0 for Windows has a property that enaldediisg data
out of the game through UDP on a specified port. It is easy tblenay
just manipulating the configuration file "racer.ini”. Thetddhat is sent is
acceleration (3 values) and position/orientation (9 vallue the car. The
data could be received by another computer that would clotiteomotion
simulator. Unfortunately, this property has been excluidech the new beta
releases.

Advantages Drawbacks

Windows version Old version (0.5.0 is from 2003)
Access to necessary (albeit limited)The latest racing wheels (e.g. G2b)
variables aren’t supported

3.1.3 Using the log

In the most recent versions of Racer, the user has the chbicesating a
log for later use. This is easily enabled in the main confidilee racer.ini”.
The log file has a few key positive features. It can be readenthié game
is writing to it. This means that an application can poll thg file and ev-
ery time new info is detected it can be used right away. Thefileghas a
minimum sample time of 1 ms, and can store all the positionemoeéleration
data, as well as data on throttle, brake, steering, suspeieigths and tire
forces. There are also a few drawbacks. First, Racer wratstd the logfile
in batches of 4 kilobytes each, meaning if you have a sampie ¢f 1 ms, it
still updates at a periodic time of 5-30 ms depending on homynparameters
are written. This means that all data except the very latastéless and takes
up space (in the example of an update period of 10 ms, ninencfamples
are not needed). The second drawback is a consequence afthdffiou
make the system fast, which is necessary in order to avoitdbmeickness
and a funky feeling, you have to make the sample time very Tdvis means
the logfile will grow large with time. A simple calculation &b data values
of 8 bytes (64 bits) each with 1 ms log frequency makes for aofilabout
15x8x1000x60 = 7,200,000 bytes = 7.2 Megabyte of data peut@in
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Advantages Drawbacks
Use of the latest beta version Lots of omitted data
Support for advanced racing wheglog file grows very large with time
(G25)
Windows version Background application will steal
computer capacity
Windows is not a real-time systemn

3.2 Decision

Racer is still in development, and the latest version, whidis time is four
years newer (0.5.3 beta 5) than the 0.5.0 version, has iragri@atures such
as improved graphics, physics, and audio. Also, it supghgdatest racing
wheels with a stick-shifter and a clutch. Therefore, theiahaltimately fell
on the method of extracting data from the log.

3.2.1 Tackle Drawbacks

When coding the application it was possible to optimize theetirom the
game writing to the log file until it was read to only a matteraofew mil-
liseconds. This was done by logging every millisecond, agdd few more
parameters than necessary. The average period it loggspehiied parame-
ters was approximately 8 ms. This means that 7/8 lines iropade omitted.
The application was also made to delete the log file after thend mode
was left, thus there will be no problem with big files. Runnthg application
at this stage had very little effect on computer performarcgisual test of
the amount of frames per second in Racer (using Fraps) shadedine (on
medium graphics settings) from about 30 to about 27. It shaldo be noted
that the computer used for these tests was a AMD Athlon 280@0(GHz),
1.0 GB of RAM. More importantly, a modern dual-core processwuld be
much more suitable to run both Racer and the software to fsasdapplica-
tion on the same computer due to it’s increased ability tosiomultaneous
processes.



Chapter 4

Simulator design

This part of the thesis was partly research about how egistiation simula-

tors are built. The main part was to design a simulator fagusn minimizing

the cost with a decent performance. Also important was tbghd wanted
the simulator to look and feel like a real rallycross car frhra outside and
the driver seat. As a result a pneumatic model was investigat first (see
section 7) but quickly discarded.

4.1 Some existing simulators

Force dynamicgsee references for website) use a electromechanicagjtrian
lar piston setup, scaling down on innecessities. Their kitouis made for
racing and they use Live For Speed as one of their main comgimelators.
Advanced motion simulators such as the on¥8itin Linkdping (again, see
references for website) use both rails and hydraulics tatenealistic lateral
G-forces. However they are mainly based on analyzing dbedraviour in-
stead of racing. This simulator is based on simplicity anst ceduction in
mind, similar toForce dynamics’

4.2 Piston setup

Two piston configurations were considered. A setup with faistons, sim-
ulating one at each wheel (again, see 7) and a triangularpssitup. The
four piston setup has the advantage of initially havingtgligeasier equa-
tions, with opposing pistons being the same formula but wterted signs
on each factor. The major disadvantages are that this catisin requires
more signals and if the system is not to be stressed, depditydabtween

the piston positions has to be introduced, so that the iddalipistons can't
assume any position. This problem does not exist in a triangetup where
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all pistons can move freely without any problem. It was thene decided
that a triangular setup would be used.

4.2.1 Producing G-forces

The only factor that is used to theoretically describe thioBe experienced
by the person in the motion simulator, is the angle relativearth gravity of
the motion platform. No attention is paid to the impact tHetrege in G-force
has on the sense of balance. Therefore the G-forces are muyged by the
lean created by the pistons.

03m

A a

B
| G !

Figure 4.1: The G-force is produced only by leaning the satasl

4.2.2 Piston placement

The pistons are locked into a vertical position in the grqouna not to the
motion platform. This because the equations will be muclp&nmand create
an almost perfect linear relationship between angle andrmigosition. To
achieve this, the platform is able to slide a few centimetsrshown in figure

4.2

Figure 4.2: Rails on the junction between piston and sirulgkatform are
used not to stress the fixed pistons. To the right, how the ea# placed
relative to the pistons, as seen from above, with one pist@ach corner of
the triangle.



4.2. Piston setup 11

To scale down on the required length of the pistons, theratiing costs,
they are placed relatively close to eachother. Thus shpigésns can create
the same amount of lean. Discussions lead up to a strokenl@f@00 mm
being chosen for each piston. The actual maximum lean is amntyinor
factor because the nautiousness also has to be considessdgan leads to
less nautiousness). Based on these facts and the dataewlfeam the real
track at Torpa (figure 6.3), the lateral G was decided to nahbee than 0.3
G and the longitudinal G not to be more than 0.25 G.

The function of the pistons is such that in the "default” stall pistons
are extracted at half their length, having a total lengthpifraximately 450
mm from the floor junction. With one piston fully retracteddaone fully
pulled out the situation can now be seen as a right triangla figure/4.1
with the important angler as a measurement of the G-force. From the figure
the experienced G-forc€;.,,, is calculated a&r.,, = 1 - sina. If Gegp iS
to be no more than 0.3 in the lateral (sideways, caused bing)roase, then
the minimum distance A-C is easily obtained trigonometiycas:

a = arcsin(Gegp) = arcsin(0.3) = 17.5°
tano = BC/AB < AB = BC/tana = 0.3/ tan 17.5 = 0.96m

Same calculation for the maximum longitudinal (front-backused by ac-
celerator and brake) G-force 0.25 gives:

a = arcsin(Gegp) = arcsin(0.25) = 14.5°
tana = BC/AC < AC = BC/tana = 0.3/ tan 14.5 = 1.16m

Rounded up the values land at 1.0 meters and 1.2 meters.

4.2.3 Weight calculations

The request for a realistic rallycross car body as the piatforeates some
problems of it's own. The whole construction becomes bigigan necessary,
which adds weight. The driver position in the platform iodlmportant. This
is because a person not placed in the center of the triangedap will also
experience undesired vertical acceleration as the ptatfooves. Addition-
ally, the center of gravity is affected by the driver positié\nother factor that
is important but uncalculable is the nausiousness thatlpedign experience
from simulators, especially if they have great maximum lean

The weight of the whole simulator on top of the pistons hasbesti-
mated by Torpa to be 400 kg (including driver). With the pistgositioned
on the left side of the vehicle this opens up for some problentbalance the
center of gravity of the simulator on the center of gravityween the trian-
gular point. It's hard to say exactly where the center of gyawill be on a
stripped down chassis, with everything under the bonnat,geats and right
seat etc. removed. The chassis will also be cut off just loktiia back seat,
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Figure 4.3: Three different ways of placing pistons in rielato the driver.

shortening the simulator by about one meter. This calanas based on a
chassis weight, m1, of 300 kg with center of gravity exactlyhe center of
the chassis, and the driver and seat, m2, being a 100 kg us# piaced as
shown in figure 4.4.

x_O-m2+O.4-m1_0-1OO+0.4-300_03
- m2 + ml o 100 + 300 e

For the above reasons, the placement of the pistons is detidse a com-
promise between having the driver in the middle, and platimgplatform
center of gravity as close to cm as possible. Additionaleyttieangular setup
is rotated 90 degrees from a natural and common setup, whgbre piston
in the front and two in the back, to having one piston to thedafl two to the
right. This balances the weight better between the threerms As discussed
in section 4.2.2 the distance laterally between the pisi®iese meter. The
optimal position for the driver is in between, at 0.5 metersile the optimal
point for weight balance is at the center of gravity of a tgien which is 2/3
of the length or 67 cm from the left side piston. Now the drisgesitting 0.5
meters from the left side of the chassis, while the centerafity is 0.8 me-
ters from the left side. The difference between the two oatiptaces being
(0.8 —=10.5) — (0.67 — 0.5) = 0.13 m = 13 cm. With this in mind it is decided
that the piston setup is moved 10 cm to the right as seen irefi@dr, which
means the driver is 10 cm off his optimal position, and theteeof gravity
is 3 cm off it's optimal position.

4.2.4 Hydraulic specifications

Designing the hydraulic system and piston size/force ispaot of the mas-
ter's thesis. However some important specifications on ff@miformance are
needed for the company making it. Figure|4.6 shows how fasGHorces
change at the most extreme on the track. The pistons shoutdrtse and
falltime to match these. Looking at the figure a rise andifa#tof at most 15
samples (600 ms) preferably less than 10 samples (400 me}pied. Ad-
ditionally although the total weight is estimated at 400 &gd the pistons
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Front

m2 cm ml
3.4

0.9

1.8

Figure 4.4: The common center of mass, cm, for the simulagsigth, is a
function of the two point masses m1 (chassis), which is imtidzgle and m2
(driver), which is located to the left.
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12
0.5

0.67

1.0

Figure 4.5: The hydraulic setup with one piston in each comesans that the
ideal position to place the center of mass of the chassiswshite the ideal
position to place the driver inisy.

are taking about one third of the weight each, some extraiwdigs to be
considered not to make them too weak. In this case 200 kg satiosen.

¢ Rise and falltime of at most 0.6 seconds.
e Each piston capable of holding 200 kg of weight stationary.

e Proportional valves that have an interface which allowsfalog input
control, preferably in the range 0-5 Volt.

4.3 Final design

The final design is shown in figure 4.7. Some final notes of éster

The non-centralized piston placement will mean that for@oaker from the
outside the simulator will move more vertically on the rigide than the left
side (about 15 cm more between extreme values). It is a gaalto add
some kind of helping springs on the right side to lighten tire¢ on the two
pistons on the right-middle.
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longitudinal

| | | | | | | | | | |
85 80 895 90 905 90 915 92 95 90 95

1ateral

660 65 &0 75 680
samples

Figure 4.6: Zoom of extreme G derivative from figure 6.3. SeEmate 25 Hz.
These extreme G derivatives are important as a specificafitre capacity
of the pistons, since they describe how fast they have to move
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Front

cm
3.4

0.8

1.1

1.1

1.8

Figure 4.7: The final design. cm = center of mass. The pistomplaced in
the corners of the triangle.



Chapter 5

Computer to hardware
Interface

Early on it was decided that pistons would be used as the tactuereating
the G-forces. For further reference see chapter 4. Withithisind, and
after the failed attempt with the pneumatic setup, the $igations for the
hydraulic motion simulator that Torpa were building, inaeds to signal input
and output from the computer, were agreed to be:

e 3 or 4 analog or pulse width modulated inputs from potentiemnse
giving the position of each piston.

¢ Analog to digital resolution of at least 32 values (5 bitshisSTmeans
that each piston can have at least 32 positions, which sh@ushough
to be able to satisfy the need for enough diversity in the @d®.

e Sample rate of at least 100 Hz. Since the values need to baegpda
at at least 10 Hz (probably 20 Hz) the sample rate needs to be a |
faster especially if there is a PID-controller in the softet@ common
rule (Glad, Ljung et al 2003) is that the sample rate shoultibtmes
faster than the system for good control.

e 3 or 4 analog or pulse width modulated outputs to control prapnal
valves. The valves control the pressure in each pistontiafigrcon-
trolling their position.

Two ways to make this interface were considered. Either ¢gam a
PIC processor that meets the demands, or to buy a hardwarelenaith
A/D converters and digital outputs built into it. The lateme was chosen
since all the tools, including a software development progrwere already
available.

17
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5.1 Interface card

The National Instruments USB-6008 hardware interface doagets most
of the above requirements. It has 8 A/D converters, 12 digi@aports, a
sample rate of 2.5 kHz (the sample rate is esentially limitedhe software
to be lower), and 12 bits d2'? = 4096 values of resolution. It only has 2
D/A converters, giving only 2 analog outputs. It is possitdaise 8 of the
digital ports as an analog output with an external D/A cotereiT his is much
cheaper than buying an overdimensioned better board wittalbg outputs.
This was also one of the reasons the three piston setup (sgensé) was
chosen in the design phase. NI USB-6008 also has a USB ioterdad NI-
DAQmx API that Labview (see section 6) supports. In condasiall the
necessary tools and an easy to learn interface.



Chapter 6

Simulator software control
theory

The NI USB-6008 supports National Instruments’ own sofendevelopment
tool, Labview (Labview website; see references). Labvieas wsed to create
the simulator software interface between Racer and theometmulator.

6.1 Labview

Labview is a graphical programming language, similar to e&Sgnulink in
MATLAB. It has functions for most things you can do in C++ coteeluding
if and case structures, while and for loops, extensive falireg and writing,
feedback loops, and user defined classes with member fasctibalso has
the possibility of displaying a graphical user window, danto Visual Basic.

6.2 The application

6.2.1 Reading log file

Each line of data in Racer’s logfile is a complete set of deamyed at a
specific time. Aprot manipulates the ini file for Racer, sa tha data in the
log is in the right order. Theoretically, the more parametbat are set to be
logged, the faster the application will be. This becausenndega is written

to afile it is stored in a buffer, usually 4 kb large, and writte file when this

buffer gets full. Therefore there will be a lot of old data legiecne the logfile

is written to.

1. When starting Aprot, Racer will also start. Aprot will rumthe back-
ground.

19
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Figure 6.1: A view of the main component of the program Apreiated in
Labview.
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6.3

. Aprot is scanning for the log file until it is found.
. The log file is created, this means that the user is "racing”

. Aprot reads the full data line above the line that deteeted of file

(most recent full data available).

. The appropriate data from this line is used to update thé&aidoop.

After which the program jumps back to step 4. This is a majep $or
which possible ways to use the data is explained througheutetst of
this chapter.

. Atimeout means that Racer has stopped updating the lotfile quit

"racing”. This will occur when Aprot has read the exact samtacd
number (decided by logfile settings) of times. Aprot remaveslog
file, then jumps to step 2. The timeout can be set in the progeam
timeout of 0.5 seconds, barely noticeable to the driver gl well
during several test runs.

The control loop

The control loop uses the data from Racer as reference valomepares them
to the piston position values, and determines the voltagpubdrom that.

There are of course many different ways to control the systermLabview

doesn’t support advanced mathematical formula in an eagy Wee choice

fell on three PID (Proportional, Integral, Derivative) ¢ailers (Glad, Ljung

et al 2003) because there is only one value, piston positiat,needs to be
controlled. Details on the PID-controller are explainedéction 6.3.7.

The data that is usable from racer is:

x velocity (horizontalp,m/s)

y velocity (vertical,v,m/s)

z velocity (horizontalp,m/s)
longitudinal acceleration(,m /s?)
lateral acceleration(m /s?)
vertical accelerationa(,m/s?)
pitch angle @radians)

yaw angle { radians)

roll angle (Bradians)
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As explained earlier, there are many more factors that carsbd, such
as tire slip, throttle, steering wheel position etc., Ramleeady uses these
values to determine the data in the list above, thereforeitigvbe unwise to
recalculate use them again. A factor that has been left @rtgslar velocity
(and angular acceleration). But they too are included iratfeleration data.
Take the simple example of a car going through a "perfectVeat a constant
speed and without tire slip. The force equation for the car is

F =

(6.1)

where

r = radius of curve

v = velocity of car

m = mass of car

F = Force

v/r = angular velocity

Translated into mass independent G-forces:

1}2

G-force= r = — (6.2)
m T

Thus validating the point that the angular velocity is a tior of the
force, which determines the G-force, which is the same asl@@tion. There-
fore it would be unwise to use this factor in any way to geretia¢ reference
values for the pistons unless the acceleration factor i®veoh

Acceleration, obviously is a data that must be used, sincel@@tion is
almost equal to G-forces and this is what the driver actfalys.

The leaning angles of the car can be used e.g. if you want te tieevs
car lean the same amount in both the physical and softwandations. This
could be factored in only at low speeds, or at all speeds, dbtthich will
decrease and increase the sensation of G-forces througlegaton in their
own way.

Velocity can be used to determine if different multiplyirecfors on ac-
celeration are to be used for different speeds, as well abédeaning angle.
It can be a scaling factor only. The sensation of speed is$sipte to achieve
just by leaning a car body.

It is of course very hard to know what the equation should bettie
best driving experience in the motion simulator withoutrdpa series of tests
and evaluate. Since a real simulator was never built theoogtcan only
discussed, but it can’t be determined which one is the best.

Before proceeding it is important to look at how Racer defipesitive
accelerations, velocities and angles, so that the formadagorrect. Racer
has it's own definition of these units, as seen in figure 6.2.

Because of the velocity vectors fixed to the ground, to getasorement
of the speed (not necessarily the same as the speed on tluosper, but
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From above .
pitch

y-acceleration
From left side ‘

- m pitch
yaw z-acceleration

z-accelgration

roll

From front

roll G;A,

x-acceleratior

x—acceleration

forward direction

Figure 6.2: Definition of positive accelerations and angfefRacer. The
velocity of the car is measured relative to a coordinateesydixed on the
ground. These definitions were found through tests in Radsch can dis-
play the data in real time.

close) of the vehicle the formula is:

speed = \/vZ +v2 + v2 (6.3)

6.3.1 Producing reference values

To aid in the process of retrieveing the best equations fereace values,
some reference data collected from the track at Torpa was sse figure
[6.3. Some interesting facts if the plot is looked at cargfate:

1. The lateral acceleration is rarely more than 0.6 G, bikespio 1.0 G
at a few points.

2. The longitudinal acceleration seems to have an offse0& G, as seen
at the beginning and end of the graph.

3. The longitudinal acceleration is rarely more than 0.39@ ¢ offset),
but spikes to 0.5 G at a few points.

4. The longitudinal retardation is rarely less than -0.25@2( - offset),
but spikes to -0.5 G at a few points.

5. The lateral acceleration is generally greater than thgitodinal accel-
eration.

6. The vertical acceleration has a lot of noise.

Point 5 presents a problem for which an example of a solutipndsented
in[6.3.5.

The following equations are all based on the triangulaopistetup with
one piston to the left, and two to the right, see sedtion 4. fl¥e right
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Figure 6.3: Measurement of G-forces at the real Torpa ratimgk at 25
samples per second (2000 samples = 80 seconds). Note: Duexpacted
problems when measuring the forces, this figure has samplezead data
removed, Therefore this is not a perfect measure of the (k.1 for more
information). It is however a decent measure of the max @ef®that are ex-
perienced on the rallycross track and with a rallycross Tlae measurement
was done with an accelerometer.
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pistons will act identically on lateral forces and anglegjlesthe left piston

acts inverted to them. The longitudinal forces and angles ha impact on

the left piston since it is in the middle seen longitudinalife two right side

pistons will be identically affected by the longitudinatées, but in opposite
directions.

Here it is assumed that if a copy of the real track and car issmraRacer,
the data produced from Racer will be the same as the measataedd reality
this will not be the case. Consider for example the method eéduring the
G-forces on the real track. An accelerometer (a gyro) was,usdich is
affected by the car orientation. The accelerations fromeR#& based on
force formula at the center of gravity and would show 0 G am@ion on
an immobile car no matter the orientation of the car. Butesitiere is no
data from a rallycross track in Racer available here, onef@athe sake of
discussion assume that real world and computer world dat@gual. The
only things that needs to be adjusted for a modeled trackharedefficients
for each parameter.

Piston position representation

Each piston has a sliding potentiometer that linearily @spnts it's position
as a voltage value between 0 and 5 Volts. The potentiometergeovalue
from each piston is represented as a value between 0 and 1@de W is

minimum position and 100 is maximum position of piston. Thegess of
getting the voltage value that represents a certain numahie between 0
and 100 is by configuring the simulator. The pistons are setfitet minimum

position, from which a mean minimum voltage value (noiri) is sampled
from the potentiometers. Then they are brought to the maximaosition,

from which a mean maximum voltage value (mag) is stored for each of
the three potentiometers. The simple equation to creatgisiten position
between 0 and 100 is then:

_ cur_cyl — miﬁ,cyl o 100 (6.4)
max_cyl — min_cyl

where curcyl is the current voltage readout. With this formula the anp
tance of the calibration of potentiometers is minimal. Altgntiometers can
be individually different, and the difference between maim and minimum
reference values does not affect the performance, as lotige gtentiome-
ters act linearly between the values.

The simplification introduced in section 4.2.2 coupled wita small an-
gles (no more thang8°® = sina =~ «) that can be produced leads to all
formulas being based on a linear relationship between mpigtsition and
experienced G-forces.
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6.3.2 Simple acceleration

The easiest set of equations are to base the maximum refevahes on the
maximums from the data. Notice here that the dead-zone amdimearity
between control signal and valve flow that usually existgapprtional valves
is not compensated at all. Dead-zone is a property which st it takes
a little extra power to get things moving, esentially megnihat the pro-
portional valve is highly non-linear around it's centeru@l Because some
proportional valves have the dead-zone compensated witkibalectronics,
the amount of dead-zone varies alot between different paicges and manu-
facturers. Therefore it is in this case not incorporated the equations. In a
real system one solution could be to increase the size of soratol signals,
so that the entire system becomes somewhat linear.

If no attention is paid to the lean of the car, the referendees one for
each piston, can be calculated according to the followimgéda:

Front-right:
Tfr = 50 + Kion - @z — Kigt - ag (65)
Left:
r; = 50 + kjgt - g (66)
Rear-right:
Try = 50 — klon cQy — klat c Qg (67)

The question now is how to determine the coefficients. Thidoise based
on the facts in section 6.3.1. Based on acceleration lodigially from -0.25

to 0.35, because of the spikes 0.35 is used as the maximussegpation to
determinék;,,, in equation 6.5 (assume no lateral acceleration involved):

Tframee =50 _ . 100=50 o (6.8)

Fion 7~ abs s i 0.35

This means that longitudinal acceleration is mapped liheas 0.35 G on
the track becomes 0.25 G in the motion simulator.

Based on acceleration laterally from -0.6 G to 0.6 G latgraj},; can
be determined using equation 6.6 as (assume no longituaticaleration in-

volved):

Tlmaz — 90 100 — 50
: = ~ 83 6.9
Oz maz 0.60 (6-9)

This means that lateral acceleration is mapped linearily.&& on the track
becomes 0.3 G in the motion simulator.

This choice of coefficients is straightforward. It is alsgiontant to real-
ize that with one coefficient much larger than the other (is tasek;,,, >>
kiqt), that force can dominate the feel in some way. For exampke day
a driver is exiting a corner, in reality experiencing 0.3 Gholmngitudinally
and laterally. If he is to experience something realiste totion simulator

klat ~
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should lean equally in both angles, but the equations woualkieneach piston
have the following position:

Front-right:
rfr =504 143-0.3 —83-0.3 = 68 (6.10)
Left:
rp=50+83-03=175 (6.11)
Rear-right:
rprp =50—143-0.3-83-0.3=-18=0 (6.12)

In this case the longitudinal acceleration is 0.3 G, but beeaf the shape
of the equations, the longitudinal G-force is only 68% (@liféince between
front and rear piston i88 — 0) of the maximum, which is 68% of 0.25 G
=0.17 G . The lateral acceleration of 0.3 G is scaled down & {the dif-
ference between left and right pistonsris— % = 41) of the maximum,
whichis 41% of 0.3 G =0.12 G. This 0.05 G difference is propaiut some-
thing a driver would notice severely, but is still worth miening. A slight
modification in the formulas to reduce the difference is enéad in section
6.3.3.

The actual G-forces that can be produced by lean (0.3 G) aoh tess
than the 0.6 (up to 1.0) G that exist in the real system. Theakquation
maps 0.0 to 0.6 G linearly to the scale of the real system wikitthear from
0 to 0.3 G. To aquire values closer to reality thet coefficient would need
to be increased substantially to be twice as large. The ddemgs this is that
the larger range of G-forces experienced laterally will beto max out at
0.3 G. In other words, the platform will lean at maximum intjabout every
corner. The same problem but not as great exists in the latigél direc-
tion where in the above equation acceleration from -0.350t85- G will be
scaled down linearly to -0.25 to +0.25 G. Figlre 6.5 showstulia largest
possible coefficients, which map 0.1 G as 0.1 G, 0.2 G as 0.2 Gveduld
result in. How the coefficients are actually chosen has todsed on tests
on a real platform because the most important factor, howGtierces are
experienced in a real situation, can’t be discussed here.
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Figure 6.4: How the actual measured G forces (dotted blaelkd@aled down
with equations 6.5 to 6.7 (solid red) if the coefficients bgg, = 143, kjqr =
83. The individual pistons are at max or min level at an averdge2é6 of
the time. The pistons are almost constantly moving.
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Figure 6.5: How the actual measured G forces (dotted blaeldealed down
with equation$ 6.5 to 6.7 (solid red) if the coefficients Bgg, = 200, kjq; =
160. Especially for the lateral forces it can now be seen that tiiemax
level a lot more. The individual pistons are at max or min letean average
of 34% of the time. The real forces are followed more closeifythere is less
room for flexibility. If the coefficients are any larger thdng the experienced
forces in the simulator may be bigger than the real forces fitee track.
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6.3.3 Dependable formulas

To make the platform lean more closely to the desired G-fearee depend-
ability can be introduced into the formulas.

Front-right:
T = 50 4+ Kion - r — Kigt + Qg (613)
Rear-right:
Trpr = 50 — klon cAy — klat c Uy (614)
Left:
r, = abs <’7‘2”") 2 Kyar - an (6.15)

In the above equations, 6]13 and 6.14 are exactly the samef@® pbwhile
[6.15 has been changed to depend on the result of the first watieqs. This
means the longitudinal G-force will be exactly the same derbe but the
lateral G-force can be bigger. If these equations are addpte theoretical
case discussed in section 6.3.2, with longitudinal anddht8-forces both
being 0.3 G and the coefficients beihg; = 83 andk;,, = 143. Now the
piston reference values become:

Front-right:
rfr =50+ 143-0.3 —83-0.3 = 68 (6.16)
Rear-right:
Trp =68—2-143-03=-18= 1., =0 (6.17)
Left:
6840
r = abs (;) +2-83-0.3=234+50=84 (6.18)

Comparing to the former example, the longitudinal G-foscthe samé68 —

0) = 68% of the maximum (0.17 G). While the lateral G-force novsis—

34 = 50% of the maximum (0.30 G), which is 0.15 G. So now the actual
difference in G-force is only 0.02 G, as opposed to the 0.05 (e earlier
example. These formulas are exactly the same as those tha& ®ng as all
pistons have reference values between 0 and 100. But as same @r both
the right side pistons hits the limit, the left piston can pemsate for it until

it too hits the limit. The result of these equations appliedhe data from
figure/ 6.3 are in figure 616.
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Figure 6.6: The difference between the G force represemtatsing either
equations 6.5 tb 6.7 (dotted black)[or 6.13 to 6.15 (solid ikthe coeffi-
cients arek;,,, = 143, ki = 83. The dotted black is almost impossible to
see because the difference is very small. There is no differa the longitu-
dinal G-force, but a general small increase of the laterédi@Ge (at most the
increase is 0.03 G). This results in somewhat better reptatien of lateral
G-forces.
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6.3.4 Including orientation

The main purpose of the orientation data is to lean the maiionlator when
the acceleration is very small. If you stop in a steep uptti#, motion simu-
lator will also stop at a similar angle. In this model, thesotation input has
the same effect on the reference values at all speed$? Aiphill slope will
lean the motion simulator abol®°. The equations are then:

Front-right:
rfr =50+ Kion - @z — kiat - @ + kpiten - 0 — kyou - 3 (6.19)
Left:
11 =50 + kiat - @z + krou - 8 (6.20)
Rear-right:
Trr = 50 — Kion - @5 — Kigt - Gz — Kpiten - 0 — Erotr - B (6.21)

Here k;,,, and k;,; can be the same as in equations 6.8 'and 6.9. The
kpiten, and ko have to be based on a immobile car (accelerations = 0) and
the lengths from the motion simulator design.

Longitudinally the biggest producable anglefis= arctan(0.3/1.2) =
0.2450 rad (14.0°) and it is produced when the piston value is either 0 or 100.
Put into equatioh 6.19:

Tfromaz = 90 + klon cQy — klat SOy + kpitch -0 — kroll : ﬁ <
100 = 50 + Kjon - 0 — kjgr - 0 + kpitch -0.245 — ko - 0 &
kpiten = 50/0.245 = 204

Laterally the biggest producable anglesis= arctan(0.3/1.0) = 0.2915
rad (16.7°). Put into equation 6.20:

1 =50 + kiat - g + krott - B &
100 = 50 + kit - 0 + kyopy - 0.2915 &
krotl = 50/0.2915 =172

The upside of these added parameters is that the platfoiliean much more
closely with the track, especially when driving carefulbetause of the less
G-forces present).
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6.3.5 A more advanced approach

An attempt at a solution of the problem of the real lateratésrbeing much
larger than what can be experienced in the simulator is ptedéere.

From a close look at the lateral G-force graph 6.3 it is obsithat at a
few points along the track the lateral G-force increaseskiyifrom a high
value to an even higher value (e.g. at sample 950 from 0.48&0. If the
motion simulator is already at max sideway lean, nothing kndbpen here.
But if there is a function that slowly straightens up the céttke at constant
G, then these short G spikes could be partially felt too.

A theoretical way to do this is to constantly change the fagtg,. The
idea is that originally all lateral values up to 0.3 G are ¢iyamapped to the
lean, which means;,; = k4t maqe = 165, but as long as the lateral G is less
than 0.6 Gk;,; will constantly go down to the value where 0.6 G is mapped
as 0.3 G, and 0.3 G is mapped as 0.15 G. This valkg,is= 83. This means
that all values from 0.6 G (in this example) and up will be egnted as
maximum lean, but 0.3 G will also be possibly representedasmum lean
if the lateral G has been low for a short time.

if (abs(ay) < 0.6) & (abs(ay) > 0.15)
klat = klat . Klat,minus§

else
klat = klat + Klat,plus;
end
if (kiqar < 83)
kiat = 83;
elseif (kjq: > 165)
Kiat = 165;
end

(continued with e.g. equations 6.5t0 6.7.)

The oddest sensation a driver can experience with thes¢ieqgsi&s if he
is taking a fast corner at constant 0.3 G he will feel as if titeral G falls
from 0.3 G to 0.15 G in 1.9 seconds (Wiltyt,minus = 0.985) in the simu-
lator. The driver may then think that he can actually turnenoecause of the
lesser side-force and therefore increase the force too rmispin out. The
same situation could occur at the 0.15 G limit. Holding a sewha constant
lateral force of 0.14 G may in some situations make the sitouiacrease
lean from 0.07 G to 0.14 G. The driver might attempt to comp@mnor this
and then re-compensate for the compensation which coulit irsome odd
behaviour.
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Figure 6.7: How the actual measured lateral G force (dottackhis scaled
down (solid red) with equations 6.5 to 6.7 and the if struetimtroduced in
section 6.3.5 WithKq minus = 0.985 and Kjq¢ pius = 0.03. The second
plot shows the change of the factar,; with these equations;,; falls from
165 to 83 in 1.9 seconds and rises from 83 to 165 in 0.7 secdie 25
samples per second.
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6.3.6 Vertical acceleration

On the track at Torpa there is one considerably large dowsibpe followed
by an uphill slope. When the car accelerates along this sitr&tgcer will
produce vertical G-forces that may be desirable to expeeiehe vertical
acceleration in Racer is much less noisy than the measuréddalecceler-
ation data in figure 6.3 so it is possible to include it. Thebpem is that it
will be hard to add vertical forces for the whole length of tdwvnhill. For
this reason it can be determined that the vertical accéaranly plays a part
if it rises above a certain threshold which is only brokenhatse few points
on the track. For example, a coefficiént.,., could be added to each piston
equation, and just like in section 6.8.5 it will rapidly iease above a thresh-
old and slowly decrease below it.

if (a, > 1.2)

kvert = kvert — K’Uert,add : (ay - 02),
elseif (a, < 0.8)

kvert = kvert + Kvert,add : (18 - ay);

else

kvert = kvert - Kvert,mult;
end
if (kpert < k’vert,mm)

kvert = kvert,mins

elseif(kvert > k'ue’r't,maw)
kvert = kvert,max;
end
(continued with e.g. equations 6.5 to16.7 with the fadtgr.; added.)

WhereK y¢,+,q44 iS chosen large enough to generate enough vertical G-forces
Kyert,muit 1S chosen below 1 to slowly make,.,. smaller and the limits
kvert,min (@round -50 is a good figure) amge,+ nq, (@round 50) should not

be reached.
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6.3.7 PID-controller

The PID-controller takes the reference value produced lyadrthe equa-
tions and compares it to the actual piston position caledlatith equation
[6.4. The whole algorithm, which includes methodology tcetakire of reset
windup, is for the front-right piston:

€fr.old = €fr
Efr =Tfr — Yfr
if Umin < Vfr < Umag then
If'r = Ifr +KI cEfr
else
Ifr = Ifr
end
Vfr = Kp - Efr +Kp - (efr - efr,old) + Ifr
Umaz, if Ufr > Umagz
Ufr = Vfr, if Umin < Vfr < Umaz
Umin, if Ufr < Umin
Ufrout = ufr/20
wherey s, = measured position (0 to 100)
¢ = reference position (0 to 100)
ugr = Output position (0 to 100)
Ufroue = OUtPUL Value (0 to 5 Volts)

Estimates for thelp, K;andK p values can e.g. be obtained by using the
Ziegler-Nichols method (described in Glad, Ljung et al, 206n the pistons.

These equations rely on the Aprot program to execute thedbapcon-
stant rate. Due to windows not being a real-time system tlis'twbe the
case. This will result in the derivative and integral pagsly the wrong size.
The PID-controller relies on the loop being sufficiently stantly executed.

If it would turn out that the program is too slow for the PIDrtmller
or that it is too unreliable in terms of inconsistent timirgyexplained above,
external controllers would have to be used. The Aprot prognaould then
either A) output a voltage representation of the error or &pat a voltage
representation of the reference value (this option wouldnrthat specific
knowledge of the min and max values of each individual pademeter need
to be known).
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Pneumatic motion board

The motion board was used to test the interface with a physjséem before
constructing a full scale simulator. It was also used to E#&es possible to
use pneumatics instead of hydraulics.

7.1 Motion board setup

In this case the four piston setup was used, which has orengiseach cor-
ner, each piston representing an imagined wheel/suspenBios setup was
used because it is the intuitive one. And may give a more etakperience.
The air flow into the pistons is controlled by four valves whizan be shut
on and off by four relays controlled from the interface canganing no D/A
converters are needed. Since the valves are driven by a 24G0dHz AC
voltage, the relays are triggered on the zero-passage® isighal (a com-
mon AC voltage relay property). This means that the relays Bamaximum
on/off performance of 100 Hz. Each piston is connected totantimmeter
which gives a 0-5 V signal. A plate mounted on the top of théopisand
the top of the linear potentiometer connects them. The soéwperates at
approximately 100 Hz (this cannot be guaranteed since Windlen't a real-
time system) and includes a PID controller.

7.2 Testresults

There were a couple of problems that arose during the tes.pigtons re-
acted much faster going up than going down. The approxinesgéme from
0 to 100 (full) was 135 ms without external weight. The coperwding fall-
time was 430 ms. The only factor that caused the pistons ltevéed gravity.
An attempt to balance this out by adding weight on the pistedsiced the
risetime to 260 ms. The falltime was still 430 ms. Adding mareight

37
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Figure 7.1: Motion board.
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caused more trouble, namely the inconsistency of air cabpgedmpression.
The weight was too much for the current air pressure (abaubar) to be
able to push up the weight. A slight increase in air pressirk lfar) again
caused the piston to rise very fast. Add to this the pistomsgbiadividually
not identical in their behaviour, and the conclusion is thsing air will be
hard.

Letting the relays be controlled by a PID controller and roeag posi-
tion as well as updating relays at 100 Hz frequency, theresoa®e success.
The control equations were:

err(t) =rp = ypr (7.1)
I=1+K;xes(t) (7.2)
ur(fr) = —sign(Kp x ep(t) + Kp * (efr(t) — e (t = T)) + 1) (7.3)
epr(t —T) = epnlt) (7.4)

where fr = front-right piston The negative sign on the relgyal depends
on the card having open collector digital output pins. Théams that sending
out a low signal (ur 0) corresponds to the relay being on, and driving the
output high (+5 V, ur> 0) turns the relay off.

After much tweaking of the parameters the best result wheiridg a
position of 50 was that the piston would oscillate betweeandd 60, 20% of
the whole piston length, at a frequency of about 20 Hz (seedigw2. The
coefficient values wer&p = 0.3, Kp = 5, K; = 0.02.

Theoretically you would expect the pistons to be able toliadeiat an
amplitude of at most "relay period / full piston movement&imwhere full
piston movement time is 260 ms and a fair relay period is 20 1snfs,
corresponding to 100 Hz, is not possible to guarantee). ifieians that the
pistons should be able to have an amplitude of 8% when oseglaEven 8%
is a big number, and if you consider four pistons moving irdlilly they
would create a shaky experience, even when it’s standifigasthe finish
line.

Another interesting effect was the amount of samples treyrelas on
compared to the amount of samples that the relay was off.eShe pistons
have a faster risetime than falltime one would think thaytheuld be off
more than they are on. But, actually, counting over 640 sasipkurned out
that the relay was off for 262 samples and on for 378 samplesigdificant
difference that could depend on many factors, such as theoaipressing
slower when the piston isn’t in position 0 due to it having mapace to
compress in.

7.2.1 Evaluation

The conclusion from this experiment was that pneumatiasdasard to con-
trol and too inaccurate to be used in a full-scale model. Beeaf it’s high
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Figure 7.2: Measurement of one piston when trying to centatr 50 with a
PID controller.

compression rate, it is almost impossible to steer an afopigito position
by adjusting the pressure. Relay control is possible, blitwéke for avery
bumpy ride. There are no professional (to the author’s kadge) indus-
trial applications where pneumatics has been used to dgiston positions
between two values with decent precision.
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Future work

The most obvious future step based on this work is to use tmeulas and
evaluate the experience in a real simulator. There are alse ®ther things
that can and should be tested before implementing on a msitimmator:

e Test how well Racer and Aprot run together on a modern duad-co
processor PC. Focusing on the frames per second in Racerreabe
sonably high while the performance of Aprot (especially Hast the
loop runs) is the best possible.

e Create a copy of the track and a car used at Torpa in Racer. &ertipe
G-forces from the simulation to those measured on the tt@pkimize
the equations (coefficients) based on the new data.

e Simulate the behaviour of the system. For this part only dstop
could be necessary. Create a model in Matlab for the noityeof
the valve-flow and for difference between risetime andifabt (fall-
time is probably shorter) and see how well a PID controllefgrens
with these limitations.

Once this is done some things that can be done on the motiaraton
itself are:

e Evaluate whether or not the pistons can be fixed verticaflnot, fix
the pistons in such a way that the angle to piston extractitio is as
linear as possible.

o If necessary modify the formulas to eliminate the non-litgeof a
new design, valve-flow dead-zone characteristics and genalve-
flow characteristics. One idea is to use the formulas as theybat
to have a lookup table to convert the calculated positiorotnething
appropriate as output signal.
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Chapter 8. Future work

o Evaluate the PID-controller. Use for example a Zieglerkdis test to
get decent coefficients for the the proportional, derivatind integral
parts.

e Try out some different sets of equations. Evaluate the épeg and
choose the most satisfying set. Perhaps include an optioav®some
coefficients change between runs for smoother or roughes.rid
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Notation

Symbols used in the report.

Vocabulary
Explanation of words and phrases in this document.
API Application Programming Interface (high level progmaimg language)
Motion board Model of motion simulator, used to test pistetup and control algorithms
G-force Accelerationasitisexperiencedbyaperson(independentofmass).1G ~ 9.8m/s?
Fraps A program that measures the amount of frames per sétatgames and other software are run at. Go

Variables and parameters
g Gravitational constant (9.82,/s%)

G G-force (acceleratiog)
ay lateral acceleration

ay vertical acceleration

a, longitudinal acceleration
0 pitch angle

P yaw angle

I} roll angle

Tindew ~ reference values
Yindew ~ Measured position (0 to 100)
UTindez  Signal to relay (1 = off, 0 = on)
Note that the indexes are fl for front-left, fr for front-righl for rear-left
and rr for rear-right.

operators

> Succeeds.

44



.1. Full data series 45

.1 Full data series

Here is the full data series collected from the Torpa radiaglk, including the
areas of uncollected data. The 6000 samples representapeef driving.



Notation
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Figure 1: Full data series from torpa racing track
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