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Kurzzusammenf a

Kur zzus a@ammernu ng

Fahrsimulatoren stellen bereits heute einen wichtigen Bestandteil der Fahrzeugentwicklung
dar, da insbesondere die Auslegung von Fahrerassistenzsystemen diecduteysler Fah-
rer-Fahrzeuginteraktion erfordert. Zukunftig ist im Hinblick auf das automatisierte Fahren

ein noch groReres Anwendungspotential zu erwarten, da bspw. Ubergabestrategien in einer
sicheren Umgebung untersucht werden kdnnen. Heutige Fahrgirkolazepte haben je-

doch eine Grenze hinsichtlich der erreichbaren Glte der Bewegungssimulation erreicht. Spe-
ziell urbane Fahrszenarien erfordern einen Bewegungsraum, der mit den bEndi§ks-

temen verwendeten Schlittensystemen nicht mehr wirtschadicdtellbar ist.

Einen Ausweg aus dieser Limitierung stellen selbstfahrende Fahrsimulatoren diie die
geforderten Beschleunigungen durch Reifenkréafte erzeugen. Dadurch ist eine Verwendung
auf verschiedenen Fahrflachen méglich, wodurch sich der Beysgumm flexibel an die
Anforderungen degu simulierenderszenarios anpassen lasst. Aufgrund des R&iédm-
bahrKontaktsdieses Simulatorkonzeptgerden durch Unebenheiten jedoch Schwingungen

in das System eingeleitet, die die Immersion des Probandemsibieim Rahmen einer
Recherche ermittelte Forschung selbstfahrenden Simulatoreernachlassigte diesen As-

pekt und setzte eine ausreichend ebene Fahrflache vboaklar ist jedoch, was in diesem
Zusammenhang ausreichend bedeutet. Zudem wird deibifitéksvorteil des Konzepts
durch die Anforderung einer hohen Qualitat der Fatieeventuell deutlich eingeschréankt.

Aus diesem Grund werden in dieser Arbeit zum einen die notwendige Fahrflachenqualitat
quantifiziert und zum anderen Ansatze zur Reseluzig der Stérungen durch die Fahrbahn
entwickelt und bewertet.

Zunachst wird eine Analyse des aktuellen Entwicklungsstadiums des Fahrsimulators von
FZD vorgenommenyelchesein rein reifengefedertes System mit Vollgurdreifen um-

fasst. Diese Analyse zéjglass Fahrbahnqualitaten mit einer maximalen Héhenabweichung
von 001 mm aufeiner LaAnge vod m(sog. Stichmal®ulassigsind, um einen Fahrsimulator
dieser Konfiguration ohne Einschrankung der Immersion des Probanden zu nutzen. Diese
Qualitat ist mit Assphaltflachen, dilir WMDS das groténwendungspotentiaufweisen,

nicht erreichbarDiese erreichen minimale Stichmal3e von 2 mm.

Daraufhin wird alsVerbesserungssatz eine aktive Kompensation der fahrbahnerregten
Schwingungen mit dem in Simulatorehnehin vorhandesn Hexapodentwickeltund un-
tersucht.Durch den aktiverAnsatz wirddas zuldssige Stichmald gegentiber dem passiven
reifengefederten System um den Fakterhoht, liegtaber dennochei nur 3% Zielwerts.
Insbesonderelie Totzeit dedHexapod und die geringe Dampfung sowie die Parameter-
schwankungen der Reifen schranken das Potential des Konzepts ein.
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Kurzzusammenfassung

Aus diesem Grund wird das Potential der Implementierung einer zusétzlichen Federung in
Kombination mit dem aktiven Ansatz untersudhtn eine medrige Eigenfrequenz zu errei-
chen, diem Hinblick auf Schwingungsisolatiovorteilhaft ist, wird eine Kinematik entwi-

ckelt, die durciStutzkrafte die Fahrwerksbewegungsr omnidirektionalen Bewegungs-
plattformreduziet. Zudem erfolgt eine Anpassung dersteuerung des Fahrsimulators, um
mithilfe einer auf das Fahrwerk angepassten Kraftverteilung das Potential der Kinematik
moglichst weit auszuschopfen. Durch diese MaRnahmen werden die durch Fahrwerksbewe-
gungen bedingten Stdrungen bis zu einer Horizbasahleunigung von.8 m/s? auf Werte
unterhalb der Wahrnehmungsschwelle reduziert. Die Simulation eines Stadtfahrszenarios
mit einem Mehrkérpermodell zeigt, dass dies den Grof3teil der auftretenden Beschleunigun-
gen abdeckt und mehr als 99 % der Simulatieitskeine Stérbewegungen oberhalb der
Wahrnehmungsschwelle auftreten. Mit Luftreifen lasst sich der Beschleunigungsimeite
idealer Abstutzung auf 5/s? steigern.

Hinsichtlich der erforderlichen Fahrbahnqualitat I&sst sich dadurch eine Erhoésaky-
zeptablen Stichmaf3esif 8 mm erreichen, was einer Verbesserung von fast zwei Grol3en-
ordnungergegenuber der Ausgangslag@spricht. Dennoch ist der Wert etwas geringer als
der mit Asphaltfléhen erreichbare Wert von 2 mmemDermittelte Wertst jedot nur er-
forderlich, um mit derStorvibrationervollstandig unterhalb der Wahrnehmungsschwelle zu
bleiben. Da Vibrationen in Pkw jedoch nicht ungewo6hnlich sind, kbnnten die negativen Aus-
wirkungen auf die Immersion mdglicherweise geringer sein, sodase&inteUberschrei-

tung der Wahrnehmungsschwelle zulassig sein kondtkinftige Probandenunter-
suchungen mussen diesen Aspekt ndher untersuchen.
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Summary

Summary

Driving simulators are an important element of vehicle development, since the design of
driver assistance systems in particular requires the investigation of the\diele inter-

action. In the future, an even greater application potential is to be expected with regard to
automated driving, since, for example, handover strategies can begatebin a secure
environment. However, today's driving simulator concepts have reached a limit with regard
to the achievable quality of motion simulation. Especially urban driving scenarios require a
range of motion that is not economically viable with sled systems applied in current Righ

end systems.

One way out of this limitation is provided by wheeled mobile driving simulators, which
generate the demanded accelerations through tire forces. This enables an application on dif-
ferent driving surfacesyhich allows flexible adaptation of the movement area to the re-
quirements of the scenario. However, due to the contact between tire and driving surface,
unevenness induces vibrations into the system which disturb the immersion of the subject.
The known previous research on wheeled mobile driving simulagathered in literature
neglected this aspect and postulated a sufficient driving surface quality. However, it is un-
clear what sufficient means in this context. In addition, the flexibility advantage obtit

cept may be significantly limited by the requirement of a high quality surface. Thus, this
work aims at quantifying the required driving surface quality and the development and eval-
uation of approaches for the reduction of disturbances induced bgnmess.

First, an analysis of the current development state of the driving simulator at FZD, which
includes a purely tirgprung system with solid rubber tires, is conducted. This analysis
shows that driving surface qualities with a maximum height dewiatfd.01 mm over a
length of 4 m (secalled depth gauge) are required to use a driving simulator of this config-
uration without deteriorating the immersion of the subject. This quality is not achievable
with asphalt surfaces, which offer the highest appilbim potential for WMDSThe mini-

mum achievable depth gauge amounts to 2 mm.

Thereupon, an active compensation of the driving suiifaséced vibrations with the Hex-
apod, which is already available in simulators, is investigaieel active approach ineases

the tolerable depth gauge by a factod@bmpared to the passive tsprung system. Nev-
ertheless, it is still only 3 % of the target value. Especially the high dead time of the hexapod
as well as the low damping and the parameter fluctuatiortgedfre limit the potential of

the concept.

Therefore, the potential of implementing an additional suspension in combination with the
active approach is investigated. In order to achieve a low natural frequency, which is advan-
tageous in terms of vibratiosolation, a kinematics is developed that reduces the suspension
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Summary

movements of the omnidirectional motion platform by support forces. In addition, the mo-
tion control of the driving simulator is adapted in order to adjust the wheel force distribution

to thedemands of the suspension. These measures reduce the disturbances caused by sus-
pension movements to valuleslow the perception threshold up to a horizontal acceleration

of 4.5 m/s2. The simulation of an urban driving scenario with a multibody modelsstiat

this covers the majority of the occurring accelerations and that within more than 99% of the
simulation time the disturbance motions remain below the perception threshold. With pneu-
matic tires, the acceleration range with ideal support can be sect¢ab.4 m/s2.

With regard to the required driving surface quality, this allows an increase of the acceptable
depth gauge to 0.8 mm, which corresponds to an improvement of almost two orders of mag-
nitudecompared to the initial situatiolevertheless, thvalue is slightly below the mini-

mum of 2 mm achievable with asphalt surfa¢éswever, the determined value is only re-
quiredto remain below thperception threshold with the disturbance vibrations. As vibration

in vehicles is not uncommon, the nega¥ects ortheimmersion could possibly be lower,
allowing a slighexceedingf the thresholdFuture subject studies must examine this aspect

in more detail.
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2Wagpner, P.: Diss., Practical Feasibility WMDS (2018), p.Adtording to Betz, A.: Feasibility and Design
of WMDS (2014).
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l2Research Questions aedi WWor k

The main goal of the work is to prove and extend the application potential of the WMDS
concept on uneven grounds. To address this goal, the following core research question is
formulated:

Which driving surface unevenness is acceptable for the apiphicaf a WMDS without
additionally disturbing the immersion of subjects compared to a flat surface?

The research question is highly dependent on the applied WMDS sysitéigurationbe-

cause the vertical dynamic behavior offers a high degree of freedaddptions. There-

fore, the current work is not limited to the current system state, which is solely sprung by
solid tires. Instead, it is aspired to answer the core research question for different system
configurations. Thus, the following subsearch gestion is defined:

What measureare conceivable to extend the application potential of WMDS to uneven
grounds of lower quality and how high is their potential for improvement?

In order to address these research questions, the following working hypatiegiaed:

An ideal driving surface without unevenness is required for the application of WN
without deterioration of the immersion of the subject.

Of course, this consideration is theoretical because a driving surface without unevenness
does not exisbut nevertheless, it first must be proven that even the smallest excitation is
acceptable for the application of WMDS. Hence, the aim of this work is to continuously
falsify this hypothesis and adapt it to the acceptable driving surface quality o$pleetiee
considered system state. Thus, the hypothesis addresses both research questions. The falsi-
fication of the hypothesis yields the answer to the core research question for a given system
state. The aspiration of a further falsification of the adapygathesis requires answers to

the second research question.

1.3 0Overall Met hd®ddoluagwrand

The overall met hodol ogy Fofg -2 le i Tsh ewosrtkr uicst ug e
thesis foll owd hth ifespr meést lstohdeo lionguvye.st i gati on o
ing driving surfaces, human motion percept:i
Based on these fundamentals, a detailed ana
met hodol ogy ¢tfioon tdfe tfrad swdrnlciang hypot hesi s
driving surface quality is derived and the
sented. The next step is the investigation
t he csuysteenmh configuration. Then the met hodo



1l ntroducti on

determine the current Il i mitation concerning t
enables the first adaption of the working hyp

The next step is the developmehtoncepts for reducing disturbances of the subject induced

by the driving surface. Three concepts are developed in detail in the successive chapters to
be able to thoroughly evaluate their potential for the further falsification of the working hy-
pothesis

1 Pneumatic Tires

1 Hexapod vertical dynamics control in combination with the solelysfreing vibra-
tion system

1 Hexapod vertical dynamics control in combination with a spdagpersuspension

The | ast chapter aims at tbaoer obmphe doenelopedl

([ Fundamentalsn Driving SurfacesHuman MotiorPerceptionDriving Simulation )
L andWMDS )
Il
( )

Problem AnalysisMethodologyandResearch Tools
. J
+
( )
Analysisof Initital Situation (WMDSwith Solid Tires)
. J
) )
Developmenbf Conceptdor the Reductionof Driving Surfacelnduced
L Disturbances y
Il
-
Potentialof PneumaticTires ]

DevelopmentandPotentialof
HexapodVertical Dynamics Control
with Tire-Sprung System

y

DevelopmenandPotentialof
HexapodVertical Dynamics Control
with Suspension System

A 4 A 4 l

<
[ ComparisorandEvaluationof Concepts

Figurel-2: Overallmethodology
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The foll owi ngowehrawiteew ogfi vieehshrt &nurnedgaurierng da |l fsor
research proepss.s The fiintgtodaucti on of def it
sequentl vy, ©heaercturirse Rpbrresseeanbteetdt.er under st and
ofdi sturbances i nduc,edf tbryd anheen tdarlisviofg dsruirviian
trocoedhe nesxutbcthvaoptdt eess the driving surface
human perception of motion as the output of
with an i nFtZrDoddsu WNMDdSn cofncept by mpeamet pf t h

21Def i ni ti ons

211 Coordinate Systems

Thapplied coordinate systempldafifsnmihbinaisoend foonr |
8885 The |l eveled vehicle system is indicate

Figure2-1: Coordinate system definitiots

The transl ational degrees wbbdr f seedesnvad YVodn d
for the heave motion. Thief arotgitocomiadfi ¢D oaFn dar
yawheaxi s of t hleatloervedoeodr dsiinmaut e systédm-is o
rection the. sUbjecdeiisnifacongof the forward

13 Cf. Deutsches Indtit fir Normung e. V.: ISO 8855Fahrdynamik Begriffe (2013).
14 According to Deutsches Institut fir Normung e. V.: ISO 886ahrdynamik Begriffe (2013), p. 11.
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respective wheedoar dAidrdatte omnyadt ém dfhet he dri vi
rate ceoosrydsitheemislef i ned faonrd tthhees eMgh@bejlesc t( W)

212 Not ati on
The notation appl i ed Fiing2@hei Tsh e huepspiesr ilse fetx ei mpdl ei
t hdeo mainn whi ch the variablbeihnsidescarkbedppThed:]

T =Fourier domain
T fl=Laptamain

Domain Index Time Derivative
(Laplace, Fourier. . )\’ L 7 “« S ——
VLW «— escription Index

>
Coordinate System Index (e.g. Wheel)

Figure2-2: Applied notation

Var i abl edso maiinmhexitare described in the time do
scribes the coordimngtetostybeé e2dellicInintei odnesr iivmatsi ev
are indicated by dotdomadiornve the variable in e

22St adfeh&r t

The togiducommg di sturbances iimdwWMRS ibsy alhmo sdtr i
addessed by tdtehammur. r diinte guamne i ty of published
smal | and this special aspect iThengpaltenttesd ol
Don&asd H¢psoisntgul ate a fl at surface doornotthe apry
consideirnducécdcei brations.

For anot hdeerv ed omipteep tbiyndhoven University of Tec

Bosch Rehxer optrhobl em i s addressed superficially.
Addit itohmeh ek sl earteo atbihlotu,| dwhaibcshor b fA2’A8-0f t he
cording to the publication, the vibrations gel
out o, while there is no cldéer information on

The only detailed suspension d®BHrgene froai "WMDe-
guirements on the suspension are mentioned: d

15 Cf. Donges, E.: Fahrsimulator (2002).

18 Cf. Husing, K.: Fahrsimulatg(2003).

17Slob, J. J. et al.: The Wall is the Limit (200¢).300.

18 Cf. Tuschen, T. et al.: Suspensions Design of a WMDS (2@i§)b: pp. 15 ff.; cp. 21; d: p. 16.
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and roll and pitch angl e r eqrufilrieane ndet. wd ean c
dynami cs @andducaolmfkoirnte mati c i s appl i eldh,e whi c
dual kinematic susipRing23oleh ec mrd amatr yi § usnlcaw o r
ki nematic iefthpgula@dmucmobnhons achi elhemsenimub
preferably equal wheel l oad distribution. T
of dr i viimgduscuerdf &kiebr at i ons.

Upper kinematics

Platform

{ (trimmad view)

O

o (x-axis)

Joint Q B-axis)

y (z-axis)

Spring/Damper —-@—

Figure2-3: Dual kinematic suspension concépt.

The focus of the description of the concept

wheel |l oad distribution among the twisn whe
Especially the design of the instantaneous
the concept is based on a planar dbmnmsda der a
dual ki nematlios ss hofwsgrnound contact iin the r
the simple kinematic reaches this | imit at

angul ar'®mbei bmpact efedafifenedtir aedeipoemsd,- t h
ent force distribution and the relative r o

motions is not described.

The comfort aspect, which addresses the dis
i ttead vertical excitations by single humps b
surfaces 18 tpost wmloat eddkeescri bed in detail, h

dressed wit hattihce. | Adwkirt ikamaelmly, no evidence
achieves t heTle sdodn tt htehasypmdirm.gel ement s, whi c
vibration reduct®fion, is not conducted.

Summari won§, hae yet consfi d&MPB8 oOheumappbkncsat
area with sufficient quality is postul ated
means. Detailed descriptions of concepts an

19 Tiuschen, T. al.: Design suspension dynamic driving simulator (2015).

20 Cf. Tuschen, T.: Diss., Konzeptionierung selbstfahrender Fahrsimulator (POES).
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are not avail ablhe ifrocluist erfattihn es. neldraksp tvahbil ceh i
gual ity of the drivi nigcatuirdrmcpeotasmmdt ital etxd eqnnudr |
unevennfeislsl s a gap within the previous resear (

23l ntroduddtriiorn ng 1 inmu |l at

Driving simulators (DS) have thenpuar pade tamnds
reproduci ble environment. To achieve this, t h
ception have®to be addressed:

T Audi tory (Ear)

T Visual (Eye)

T Somat osSesas(ekyi n, Muscles, Joints, Tendons)
T Vesti bular System (Equilibrium Organ)

Thienf or mabmonhe saenecrhgaendh eilns t ,h ewthiuana ne rba kali ens t h «
pensation of weaknesses of the respective SYys
fromher sourocaeas.hilhes fai gerif @mmer sionw)] ati on of
not required but the single channels have to
match of the channels causes diesa@railgiretmdat i on o
ulator 2sickness.

The focus of research concerning WMDS is motd.i
tosensory and the vestibular system. Therefor
apect are described in the following. An over

gi veemgn t he woffk of Negel e.

231 Moti on Simulation and Motion Cueing

The motion simulation i s ttryamisdnaaittliow meadlse dD® n t
motion simulation system and a ssugpa&ltlpeldted t i |
coordination (TC) that wutilizes a motion perc
in an inclination of tlhhe gradaitti atei amalt ha&c callbg
perceives the resulting sine component in the
celeration. This enables the simulation of su
mot iHomw.ever, t hlee htuamammensse arbot ati onal accel era
the adj usdhtemdarntl tofangsloe thhaast ttohibse psrlionvei pl e i s

21 Cf. Fischer, M.: Diss., MotioiCueingAlgorithmen (2009).p. 8.

22 Cf. Negele, H. J.: Diss., Konzipierung Fahrsimulatoren (2007).
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simul at Harmre qufenltosacldiegdreratfi oeaquenci es have t
| ati otniadilnhsmopur pose of the motion cueing alc

celeration demand of the virtual vehicl e,
vehicle dynamiotsi anosd edf, tthoe tth&® t hat seismul at
the division between transl ati onal and tilt

and the return of t he ssittneullWaasdhrouto i ts i nit

The scaling of the accelerationsacmonedrys atth ® |
by a fraegeepreanydent, constant factor. Because
eration magnitudes, this @oesmé&csmmenessatl i

ing factors 2%°fe 1, 0.7 and 0.5.

The purpose of the washout iIs to rgptavinde he
the maxi mum range of motion for the oncomin
hummati on perception threshol ds.

24Human Moti on Perception

The fos$lbeohgapgvteessr a short introduction to the
Firsvestihleudhustct he main organ for 2t hies pede < ¢
scr iAkdeddaliloyn, t he speci al considerations con

pr es elrhlfeakdea c tgiiovnhes an odhhwenrani enwt i on perception

241 Vesti bul ar Organ

The vestibular organl ti scolnswesttesd coufh@ t hber i ah
the sfhocusensing tr amanldatsibaoeael c ual cacre | cearnaatliso, n
oriented orthogohaltl genenodag@msoaheonal

I n the macula organs, sensory Ilwaifrcdhwiagrsle c on
otoliths with aanhdi gihs rtehl ¢atcstf \oérmed rxdmashhteyd r e -

sulting higher inertia relattiovea tdeeftl leet son
membrane under translias i soenmd e dachcye?dtelreats eomsso,
The cupul a, which i s tchier csuelnasri ncga neal lesme nhta so f
as the otol.i tHoiwe vmeembriaanecont ains thloeosolt it
rounding endol ymph hawedambedgwedl!l eceli dani we c
transl ati onbkbr acotbheranhabnaccel erations, on

23 Cf. Greenberg, J. et al.: Lateral motion cues during simulated driving (2003).
24 Cf. Dobbeck, R.: Diss., Beschleunigungen in Fahrsimulatoren (1974), p. 11.
25 Cf. Schmidt, R. et al.: Physiologie des Menschen (200%)p. 358 ff.; b: pp. 287 f.
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endol ymphr elestuill s maoti on bewanele no ftchiteh @uilspppumid a

canal, resulting i n,tahedreeffleeecatsiionng ooff tthhee cruoptual t:
by the sensorryothaamiorosn. @ InFso ro fssheolwt ric@d dyr tcheal s
sense the r dfSautnmnoanrailz ivneg ,o ctihtey . f ol | owi ng moti on

by the ves(tgiibvuelnari norsguabn ect: seat coordinate sy

f Transl ationad waiccel erations
T Rotationafl, .vel ocities
T Rotational Tae,cfel erati ons

242 Vi bration Perception

The human perception of vibrations, which is
work due to the vibrdatsitaumalanclasr a etsairl it 9 tnige f o fo
unevenness, has been addreg8®dhby amanyfstheis
standards is to ofvalrued|fean itviece chasascdmentst o
manerpception of vibrations. This enables the d
on simulated and measured quantities.

The sta@ainfdfag bemn wie & tbeovdhyo Ilve br ati ons, which are t
man body via the buthecksandd-hpadstatked vibr

tions, which are trandimiettfecquieacyhe asgeerieh
i mpairment of -bodmf orithrbay | Gdnesd 6 80l bHezt.we eho DL o w-
ing, objectifver cthhaa axd sebsossinyg nvts borfa twhoonlse ar e de

Asdi sciusnsesd®Rctdi dhe human senses transl ati onal

which is therefore the main c¢haraac tperricetpitd oche
of vibrations is frequency dependent. Therefo
to the relevant transl ational and rotational

f elenflg of the objective VYubcatoaos. aFeegdeénagdw
postures of the human as weéelAln a&x afgprv edii fsfner e n
t he appFeingduirxd.iAnel r. m. s. nacfyet gbsed Bmegqiser ati on.
det er mamlealr aacst er i stic value for the assessmen
|l ong tests with occasional shocks and transi ¢
short integraftiion teéemefmemde dnt

26 Cf. DIN Deutsches Institut fir Normung e.V.: I8D4%1 - Human Response to Vibration (2017).
27 Cf. VDI, Verein Deutscher Ingenieure: VDI 205GanzkorpeiSchwingungen (2017).

28D, Verein Deutscher Ingenieure: VDI 205GanzkorpeiSchwingungen (20173: p. 6; b: p. 29.
29 Cf. 1SO: ISO 26311 - Mechanical Vibration (1997g:-; b: p. 9; c: p. 12.; d: p. 15.
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A ot TL A 0@ (2.2)
An integration time constant of 1 s 1is reco
of st miunni ng?®%T.hm.ss.chwalacdg.eri stic value is ¢
vi bration direction. I f multiple directions

are combinebdr avi o(hTewsd)b:aPal vi

® W R 0w § Fa Fi g Fe (22
Theonstanéeésfactors weighing the i mpact of t
the overall v.iTheafTvdn i pereeptmmemded for t h

Values for the combinatild®yh factors are give

243 Perception Threshol ds

An extensive overview of perception thresh
Bef®From this summary he derived the foll owi
applied in tshike toHe siom sfisrt ethcey and compar al

f Rotational Velocity Threshold: 6 A/s
f Rotational Acceleration Threshold: 6A/ s]
f Transl ational Acceleration Threshold: 0.

These t hpesthhod dpser apprioamw makébnt accel erati
variations. This is useful-fiflotreresxaimp |l cer d eorr
acceptabl eot dreetl erm.t mM@misoesni ng the percept
perception threshold of 0. O0Ol5uem/fsrjo2i. &% .e@itv eor
which is cal cudeasweaydg i r ® dn & B el etifheoeuagt i otnhsi s i s
o f magnitude below the percepditpmg thaesthol
considered. T heh aprear cat epttuddatoswef i l ¢ guenci es, roe
| ower perceptibility of constant accel erat.

244 JuNoti ceabl e Difference

The aforement hoestopedscaptihnoamhhindosftootrdneds i st at
actlhga reference stimulus is already avail
ances redtdeymdasekeecadu shey t he reference signal
abl e Difference (JND)chiasr atchtee rrieslte vwa n tF otrh rneas

30 Cf. Betz, A.: Diss., Feasibility and Design of WMDS (201p1)16.
31 Betz, A.: Diss., Feasibility and Design of WMDS (201gt)15.

11
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the relation bet dweamjdusetf enroetnicceeashtlii grud pubsf e r e n c ¢
t i ofncarl me di uim tset asmiotbiuedss ng t©° Weber 6s Law:

3 0 2.3)

With the WeMer th@adf fdiesicen Dtessd it he d ®d wame mtn .t h al
body vibrations *¥3®hayover WeleWs ber [seovpesrfanlc i

ered in |itédnrmndbdlere i s given in
Table2-1: Overview ofWeber coefficient®) , directions in subject frame
Reference w (@) a r
Bellmanr* 018 0. 1
MacNeilageet al® 0.40. 24 0.30.2
Mallery et al® 0.03
Mansfieldet al®’ Medi an
Matsumotoet al38 0.065
Morioka et al3® 0.0921
Miiller et al*® 0.027
Naseriet al** G T —0. 1
0 C = 0. 06
Pielemayeet al? 0. 0iD5 2
Winkel et al*® 0.20.0
Zaichik et al** 0.6 0. 4 0.9

82 Cf. Mansfield, N. J.; Griffin, M. J.: Difference thresholds automobile seat vibration (2000).
33 Cf. Zaichik, L. et al.: Acceleration perception (1999).

34 Bellmann, M. A.: Diss., Perception of WheBody Vibrations (2002)pp. 86 ff.

35 MacNeilage, P. R. et al.: Vestibular heading discrimination (2G1®088.

36 Mallery, R. M. et al.: Discrimination of rotational velocities (2010)16.

37 Mansfield, N. J.; Griffin, M. J.: Difference thresholds automobile seat vibration (200280.
38 Matsumoto, Y. et al.: Difference Thresholds WhBledy Vibration (2002)p. 317.

39 Moroika, M.; Griffin, M. J.: Difference thresholds for intensity perception (20009.

40 Muller, T. et al.: INOLongitudinal Acceleration (2013).

4 Naseri, A. R.; Grant, P. R.: Human discrimination of translational accelerations (R04@J.

42 Pielemeier, W.J., Jeyabalan, &t al.: JNDvertical vibration automobile seat (1992According to: Mans-
field, N.J.; Griffin, M. J.: Difference thresholds automobile seat vibration (2000). p. 256.

4 Winkel, K. N.de et al.: Perception of angular seibtion (2013)p. 213.
44 Zaichik, L. et al.: Acceleration perception (1998)518.
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The values show a higrmdpgv@r9 .atNewne rbteh evleeesns ,0.
found t hr es hToH edrse facroau,ndt WOi.sl .val ue i s chosen

This val ue, however, only describes the am
acceleration. Another aspect is the JND con
det eerdmian t hreshold of 6A%for horizontal acc

25Dri ving sSur face

251 Description of Driving Surfaces

The vertical profile of driving surfaces ca
Therefcame beitdescri bed with a power spectral
in depgehdehe spa*®Fiadguif-@iedy.uteme gahpopaesn dpioxwe r s p
tral densities of differemtsuasemhaadlyt Barmd nc o
nizable that the PSD of the measured road s
exponeammipa oxi mati on of the measured PSDs r
rithmic scale. The rRSDIdfi ntgh e pdrriowii moats wrnf

is described by “he following function:
— (2.9)
m m m
With the PSD defined as foll ows:
p , , .
- . 2.5
M gy @ m nNé m & (2.5)

With the spatialYmdmequeecdriresodg ufihehapae e:
ramedtaedrj usts the denalrilisghef dFfFeqgb &Pl oal dr
surfaces it variehse aproowienrd sap evcajl raidel todie s ietf e r

frequengy, in the f ol | blreonugg hrneefsesr,reedde ftfdb easse |

the quality of a driving surface. A classi
guantityTak2goven An alternative descriptio
the infinite pdawdrowsgde‘etqrueincdernssi ty a

45 Cf. Mitschke, M.; Wallentowitz, H.: Dynamik der Kitfahrzeuge (2014)p. 334 ff..
46 Mitschke, M.; Wallentowitz, H.: Dynamik der Kraftfahrzeuge (2034)342.

47 Parchilowskij, J. G.: VerteilungsdichtedJnebenheiten (1961According to:Mitschke, M.; Wallentowitz,
H.: Dynamik der Kraftfahrzeuge (2014). 343.

13
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m ot (26)

'rQﬁ rrp .
The pafMamgererates a constant maghigbhdér équeh
ci,ehe spatial frequeanmpya rbeedc otme & fa mimaamet er

equation corr gpwinbdhsc. t HHlehocemu it i mareameat ert o
the roughness coefficient.

Table2-2: Classifcation of Driving Surface®

Driving i n cmj Subject
Surface Class | Lower | Me an Upper S es s me
A 0 1 2 Very g
B 2 4 8 Good

C 8 16 32 Medi ur
D 32 6 4 128 Bad

E 128 256 512 Very B

An alternativiebgutaheéi gyaltiot yeskctwal degpltvh ng sur

gaugelt is defined as the distance of the | owe
necting |ine between *Iwo hmasxianum ¢huerm i mrga gtoii m
the confsiteludcth®mause it i s measurable with a

conceivable than the abstract roughness <coeff
the description of the dArievidngitosmierndn aeet quah at
teri utnikp wins andr wivieldd b3a 2d.€ct i on

252 Achievable Driving Surface Qualities

Concerning the achievabl e dri vi ntghes ulriftaecrea tquurae
mentions mini mufm gioamthar esfs .0 cMAnf ex pleir g hwa

di scussion with Mathias Scholl maier, head of
yielded that the driving dynamics area of the
ovarl ength wmét érs. According to his statement

this quality and the possib®lity of further i

481S0: 1S08608 1 - Road surface profiles (1999 ccording to MitschkeM.; Wallentowitz, H.: Dynamik
der Kraftfahrzeuge @14). p.343.

49 Cf. Deutsches Institut fiir Normung e. V.: DIN 1820Poleranzen im Hochbau (2005), p. 4.

50 Braun, H.: MeRergebnisse von StraRenunebenheiten (18&0tding to MitschkeM.; Wallentowitz, H.:
Dynamik der Kraftfahrzeug(2014), p.343.

51 Schollmaier, M.: Expert InterviewQuality of Driving Dynamics Area (2017).
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Therefore, to extend the application potent
this tafrgrett wealaicecept abl e driving surface ¢

260ver vofewFZDb6s WMDS Concept

The MORPHEUS pwhatcaht ipse t he prototype 1 mpl em
ceptogether with a designati on Fo fg2# lkeel tmacjoonr-
sists of tleraeedy uwhpepeeld wnidirs ve and a steeri ng
emergency braking system and the hexApod, \
compr elbevregiview of tbeoMPRPHEWDE pts componert
the the¥asdoWi@®m#ezr ei nafter, only the hardw:
that are relevant for the aspired investiga

Figure2-4. Overviewof MORPHEUS prototype

26.1 Har dware Components

26.11 Tires

The tires applied in the MOREHEUS|I pchtbdt yp:
Softy, which are pr-oed¢ d@fibhdey rGuimaisso la nROwb esr
thettwi ds 75 mm. The tires ofdiememsihdmsh 4dmd
accel emawuicend angul ar mohominzomwtcal oe cWMbD&Bar ®

52 Cf. Betz, A.: Diss., Feasibility and Design of WMDS (2014).
3 Cf. Wagner, P.: Diss., Practical Feasibility WMDS (2018).
54 Cf. Gumasol Rubbefec GmbH: Datasheet Gumasbfty (2014).
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were dedeirmithests with the prototypegeat Ilotf achi
0.°6Ttlhe tire has a |low cornering stiffness and
to reach its maxi®um friction coefficient.

26.1.2 Hexapod

The hexapod applied in theea®r>h200tEpceconMO A HE U

bottom and a top pl ate, connected by six el ec
face of the system are the positions in the s
converted into theengthsespygndnngnaetsat &r nema
resiuslatr get values, which are the iInput to the
Alternatively, the actuator | engths can be se

The actuators are of t ypred GSM3 Oe aocfh tdhrei vceonm pbayn
DCmotor. The transformation from rotational to
spindle dri-veskAwmrgelhpawets esndlaft i on and datasheet
with a datasheetctofatohe tishmee|agonpeentdg dxn-d rDb.nl

t&i gur-8 D. 1

26.1.3 Measurement I nstrumentation

Sever al sensors are installed in the MORPHEUS
tion fors tthhies Awmidrokmoit i ve DynamPtt MobhensfAsBabyz
inertial measurement wunit that measures trans
and is combinable with GPS/ DGPS in order to d
ratdeedtyer mined signals are combined by- an intei
fi ITtheer .out puts are | eveled and internally tra
recting the installation offset.

262 Software Components

2621 Contr ol Architecture

Thetaoon architecture applFiig®&sienT MO RBSPRCHEWAS iios st
i she demanded accel erations teos ublet sfirnmounh attheed ,dr

55 Cf. Zdller, C. et al.: Vertical Dynamics WMDS (2019), p. 70.
56 Cf. Mevea Ltd.: Mevea Motion Platform 1200E (2014).

57 Cf. Exlar Automation: Exlar GSM (2014).

58 Cf. GeneSys Elektronik GmbH: ADMA (2018).
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i npual $wnt h egteincealaltyed si genaTke aMEA atppansfadd
celeration demand into desired horizontal &
control determines thhedregqei momesnt sertion@cdr
The contrreoslp eedfteicMheaec cnder veshese set values,
tion according to the dynamic characteri sti

] ( A ;
. Motion . Electric Platform
Scenaric » Cuein Motion »  Drive Drivin
Input @ Algorith?n o f | control i 5l onirol Dynam?cs
Y—— W 5 ~—m0 | 0

|D
[

¢

Figure2-5: Control Architecture othe MORPHEUS pototype.

Threespeaeotmpwaentyg,teeapMCAal are compreh?ensi ve
I n the following, the motion control ( MC) i
force distri,butiseni mploet afhtorrd aront hé dmpami
motions of the elastic elements within the

2622 Moti on Contr ol

The task of the motion control (MC) is to
the actuator i nputs drive torgue palnidedstierer
MORPHEUS, which wa?¥ dikesv ethhoep sadp pbeyngdl ex8. ziAn 1

The first step is to determine the requir
(st(é&p For this purpogaw thmeendoeli er m¢ed onhntao
and a moment actciemdeonofhg TWHMDBGEt ECA) nati o

guired wheel forces to generate this over al
task acdomg@BregFotro the transl ational t ask, a
same direction as the overal/l transl ati onal

demand are perpendicular to the triangl ebs

For the trandlha&t ifoomeacle tdassk ri buti on bet ween
achieve equal friction wutilization. This 1is
wheel ba&sa@edsometdh ac Gelaemdamiuon i eff yi mg Ct wi
fimti eresulting from the acceleration demand

uted equally between the wheels in Brider to
t ©hdeet er mi narteigouni roefd tdhrei ve torguee te mgeder a
orientation of the wheel needs to be known
and | ater al forces in the wheel coordinate

9 Cf. Betz, A. et al.: Driving Dynaios Control of a WMDS (2013).
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2Fundament al s

iTo determine the necess,ar Xi semati cgsnaoa@gl ei cf
(b)) pvelTdici ty vectors resulting from the desire
of the motion platform are calcul ated for eac
ity vectaxianofthdhex driving simadeagoar }cootratir
steering angle ifd’lip angles are neglected.

Ftrans,demand

Ffrans,demand

Myaw,demand

Firans;2
Myaw,demand ’

F.
Yl n yaw,2

F trans,1 0

Ve
F trans,3

Figure2-6: Division between translational and yaw demé&hd

fMAn enhanced dMCaglbsottonsesifdéhe sl ipganglas erlat
orce in tire coordinates resulting from the f
or this calc@&li guir-&s Aa filTeh(es roewgui red sl i p angl €
arget | atelratetiowcehi a -ftiartdil n gp aanlédgeo raiatshume o6 t
ion otoankBiné@d@neTberkéofel | owi ngt titearigaetti on b
atfeoradgrantdhlei near for cep apsprnoixniinmaitzieodn i t er at i

—h

—_— —+ —~+ =

Y @y DET 1 5 5 | @ (2.7)
With the f oAfcteerdwbreedcas toinmated sl i p angle is ad
angle to determine the requid®d overall steer
Based on the determined steering angl e, t he
coordinate system. This enables the calcul ati
di nal et iarned ftohrec effective roll radi us.

60 Z6ller, C. et al.: Vertical Dynamics WMDS (2019).
61 Betz, A. et al.: Concept Analysis of a WMDS (2012).
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3Met hodgoyl &®edearch Tool
3.1Probl em Analysis and
311 Probl em Anal ysi s
I n this section, the problem that has
i n morrraged aoh t he presented fundawmbisthl way
the i mmersiohasstdeberiaosateeéd in opder
ramet eéAms over vi ew of Fti g&lprTohbel esm musl agtiovre ng einn
for alll repeesesubdbdametebh the shown
ul ation syst esmub AlRa. @bt & rchuisgshe di mmer si on
these channel s.
( Simulation System \ Driving
"7 wotion Simatatior Audio Smdatior] | | Surface
i i /AN NV
| ) > |
Lo B T e _/ r
v ¢ v Transfer Path
. ™ Driving Surface
A Tactile A Disturbance A Vibrationsof A Hearable A Simulation
Vibrations Excitations Visualization Vibrations System
in the HMI A Deviationsof System
A Interaction Horizontal Force @?
S Forces A Tilt angles U )
3 ¥ ¥
Transfer PattsimulationSystemA Subject

= ) [erae) (@) (9)

Subject Plausibility Check ]

Figure3-1: Problem descriptionf driving surface induced vibrations.

The driving surface excitation, which is d
simul ati on, generates disturbances on the r
ick bhe transfer path from excitation to si
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3Met hodol ogy and Research Tool s

result in implausible signals of the sensory
to simulator sicKmess Ilitm etf edr iwbey s tome ggsvereki ng
hypothesis of not deteriorating the I mmersion
channels must not exceed a perceptible degree
Nevertheless, the consideration of al/l sensor
the etophis thesis.otTtheriedwe ®t, 1 daotuend acdo mlsi nat |
According to Reason, especially the sensory n
ception is responsible f or®Tthheer ed coasermesidtc ei so fa
t hatiempl dus ity of these channels is the major

work focusses on the mot i-boond ydivsithurratainocness ,i nwhti
frobht @®MHz accordizgdtd section

Ot her mi smatches as for example the auditory
sion. Neverthel ess, the problem is of anot he
measur esr e(quieggt acousti c damping).asgmpeatr.e rese

312 Met hodol ogy of Driving Surface Deter

The investigation of the working hypothesis requires a methodology for the determination
of the acceptable driving surface gtalwhich is presented iRigure 3-2.

Hypothesis
An ideal driving surface without unevenness is required for the applid

of WMDS without deterioration of the immersion of the subject.

Research Tools

WMDS Model

4 N

1

1

1

1

]
SimulationBased Determination
of the Vertical Dynamic i
Disturbances |
i

1

1

1

1

1

1

1

Scenario

Adaptionof
Hypothesis

\_ ) Driving Surface Model

v

( \

EvaluationParameterand
Criteria

_______________________

Criteria Adjustment of Driving
Fulfilled? Surface Quality

Figure 3-2: Methodology for the investigation of the workihgpothesis.

A

Evaluationof Disturbances

62Reason, J. T.; Brand, J. J.: Motion Sickness (19¥&)ording to:Fischer, M.: Diss., Motioi€CueingAlgo-
rithmen (2009). p. 13.
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3.2riving Surfac

An i teratilbvesesd mudprtaaooh i s applied for the
driving surface qual iMBIS &Brad eidt D nc ampnmodendt «
surface model, a representative scenario th

The resulting disturbadhaeafecippnadmEer asaah eadf bta
par ametcarisd er ioa daertee rdneifnien eidf tt he di sturbance
are not fulfilled, the driving surface qual
done wuntil the criteria are met, which enal
deermi ned acceptabl e dr i vhansge ds uarpfparcoea cghu ail si t
for the determination of the acceptable dri
driving surface woulldnntoh e bdewbpd haaeptttinegea Ir leys efae
tool s IFalgalamde ichescri bed.

32Dri ving Surface Model

I n the following, a driving surface model i
nami c simulati on. Subsegeseni by, ohaoédtbmre 1l
the quality characteristics rouadhrmrse sd epo & fsi
guired to assess the acceptabl e dreilvaitngves ur
the achievabl ecgi2albi.t2i es given in se

3.21 Model

Contrary to passenger vehicles, a WMDS has nalpfimed driving direction but can move

in any directionTherefore, a surface model in two horizontal dimensions is required for the
simulation of the WMD8vertical dynamic behavior. However, the known road profile de-
scriptions presented subchapteR.5are given for one horizontal dimensidrherefore, an
approach by Mack is applied in order to transform thed&Bcription into 2D-PSD assum-

ing radial symmetry2 This requires the description of the stochastic process as an autocor-
relation function. According to the Wien&hinchin theorem, the autocorrelation function

of the 1DPSD description in equatid@.6) is its inverse Fourier transform:

TQ FI 'Q
w ¢Q

A (3.1)

With the radiug for the position in polar coordinates. The next step is d@0rier trans-
form in polar cordinates:

; W 10 i Qi Q— (3.2)

63 Cf. Mack, C. A.: Analytic form of PSD (2011pp. 1 f.

21



3Met hodol ogy and Research Tool s

By calculating this equation based on the Hankel transform and substituting the polar spatial
frequengy m by the Cartesian spatial frequencigs andmn , the following 2DPSD de-
scription for a driving surface is derived:

o ) TQ ﬁ

h B (3.3)
Q gy T M m
The next step is the generation of a driving surface description in the spatial domain. For
that purpose, the 2Bmplitude spectrum is calculated from the PSD and multiplied with
equally distributed random phases to account for the stichharacteristié? The resulting
spectrum is transformed into the spatial domain with a 2D inverse Fourier transform.

To verify the derived model, the average PSD is determined for both directions. The results
are shown irFigure3-3 on the left. The model follows the description by Br&uAddition-

ally, at a frequency of 1 rad/m, the roughness coefficient of 1 cm3 is attained according to
the setting of the paramef& .

Anothercharacteristic of a driving surface iethorrelation between adjacent lanes, which
are linearly dependent for sufficiently large wavelengths. This characteristic is described by
the coherenc®? On the right side oFigure3-3, this characteristic is compared to a coher-
ence modeproposed by Ammoff°

E PSD { Coherence

g ~

g N

n N - § 05

o

ﬁ . (D] .

E N s

e

= 1010 \\\

g 10 S

; | 1oL |

= 102 10° 10 107! 10° 10!
Frequency in rad/m Frequency in 1/m

x-Direction
—— y-Direction
Reference PSD Braun

Driving Surface Model
Reference Coherence Ammon

Figure3-3: PSD and coherence dévelopediriving surface model

84 Quarz, V.: Diss., Generierung véahrwegstérungen (2004). 56.
85 Cf. Braun, H.: MeRergebnisse von StralRenunkbiten (1991).
86 Cf. Ammon, D.: Problems in Road Surface Modelling (1992p. 29; b: p35.
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3.8 mul ation Sc

322 Rel atoiforQual ity Characteristics

Theel ateitomehgem | i t y characteristics depth gau
scri bed 2i. ™ sdedcettieornmi ned by anal yzimogdetlhlee dav
stochastic driving surface with eoefarfyomg meu
The resul tFiig8#4hewnel ation between depth g
" and roughnessmcoahddsedreinted by the foll ow

" o) m (3.4

The co€dfiiscidenter mi=se dAlttorec2wgih7 tt hof t he coef
V)

circumstantiadcoridi nigs tsoe ltehcet edni t s t hat are
the respective quality2.)dhaRalcltcewiimdg efersdng ctf |
gauge oim whichaingett hgpualtihtey application of
secti @mpdproxi matel yrecoghreepow ndse.t oi @i ent of

10? R

—
=)
=]

Average Depth
Gauge on 4 m in mm
>
N

] B R R AT IT R S ST U 1] B S O W W U7 TR S S I R R TT] B N SO N TR S W WA TT1 B S S T 1T S A W WA 111 R S S W T 11T R A S W R TT] B R R AT

1078 107 1074 1072 10° 102
Roughness Coefficient in cm?

Fi g4 Rel abavteean gapayéd roughnedsteoef hiedi byt v
the roughness coefficient of the developed

3.3Si mul ati on Scenario

The trajectory of the sdiinuluatboarn cheass ian dhuicgehd

sur fakeampl e, hi gher wvelocities generate h
natural frequencies of the system are shift
assess the I mpadtheofi nvlratdigathamhamddat at sV

applicatioins froeqgUNNMPe&Sdnai n moti vati on for WM
ur ban driving simulhagihomamgeulofi m@gtfiooam {The
tive urban driving scenari o ni st hien%gensatjsegcatt.e

67 Cf. Graupner, M.: Bachelor Thesis, Entwicklung Stadtparcours (2011).
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applied by Betz to analyze the reYThesements ¢
are shFow®BSiEme requirements were determined ba
maker, which i nciltuadetdu rt en &f .rc6aantosleidit daomelt hani c al
rameters of the prototype.

't is recognizabl(eft hateRittnife nusecnacl el sn gt hfea cvt eolro c i
tion. As di ycuséed pasviaous maanatu coend tdh es tdurribvaini
antdhus, on the acceptable driving surface qu:
aspectthr etehecommon scaling factoamsnder5ni Mg 7t haenic
accelpet ador i ving Sorf abe @udalpitti oeasof the wor ki ng
factor of O0.7subpjessesaed bgpavaely not able
a fact®andofhdrefore the i mmerossitounl aitse dnobty dtihset
pot hesi s.

g Distance to Origin Velocity Acceleration

E

2

.ro_e

5 0.5

2

k=

=)

g

S 0

0 100 200 O 10 20 0 2 4 6
Distance in m Velocity in m/s Acceleration in m/s?
Scale 0.5 Scale 0.7 Scale 1

Figure3-5: Simulator notions occurring during an urban driving scenario for different scaling factors
determined with IPG Carmaker model including the control architecturesieotion2.6.2.1

34Ev al ua&tairamet er s

Il n order to det erpmairnaemestiudnréesathiodthev @é nadé ngn sur f
uneveometsbBe motions perceavedghyhéeéhedveThedveal
goriazsedol | ow

9 Di reicstt ur bbainscteusr:bances that are directly ge

T I'ndidiesdc¢tur bDanscteusr-bances that are indirectly

f abecaupsgeci fi c operational state is require
T Hori zont ali sdyurrdbainsctegsrebsa due t o motions 1 ndi
zont al accel erations

68 Cf. Betz, A.: Diss., Feasibility and Design of WMDS (201g}). 93 ff.
69 Cf. Berthoz, A. et al.: Motion Scaling for DS (2013).
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3.HEval uation Par

The evplavanmkcawe st o address the human percep
Thus, theat ahtehhatr sggr e s b c Papiicerdc omcei vabl e
eval uation:

T Abso,] uurefaddelreerdati ons i sol ated for each
T Tot al vi bration value
T Just noticeabledeslcfiflee @ nley w\We iNr)

The af or emdretgioaoned r equipraer admeftfedrese ret, d\hal L
gories are analyzear aosed ralisatadll v iewvatl hatf @ln

341 Dir ®csturbances

This aspect comprises all disturbances that
without requiring (e xscpeecti fai ov ed poecri atyi chn gshteat

T Translaantdi ornoatlat i onal motions due to dri vi
system

T Hori zoansal atti onal motions due to the <cor
and the offset bhethwedn thmievestubaradtposit

T Hori zoanall atti onal di sturbances due to ti
gravitational acceleration

't I s expdeicistewlr hdmeces are partiallags nohedee
arteypical wmotiwowgsi oca vehicle. Therefore, t
the impact of superposed motions of the vi
woul d only be acceptable if a correlation b
celtadarocn of t hewvewierxtivmatl. v@thherlvei se, the eval
a random coincidence of the acegCcetationsof
could result in an acceptabl e irnmaet ianghiogh aa cc
eration of tige tvinrgt wmal rvaerdiacod,ekpovrtaibditeeh et g ist u

A correlation between acceleration and di st
this evaluation met Hod,i ocno ubled weeesnu latc cferl oem ad

|l ocity. However, an sunhthspews that stkhhari
A siapd erekawmphii scfemra t hesvirmmaglias tyatthdist | e |
after a |l ong period of constant velocity. T
due ®pertile without acceleration demand. The
the braking motion. When oDkbetyjrthbhel svehl a
maxi mum velocity. I n that sitwuation, strong

vi brations from the drivisgmsvwethaedkeedue t o

Thus, it i' s demandeidontsh arte ntahien dbiesltoun btahnec ep ¢
i ndependent ofviheemiddhiescs | bht ohg charact el
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turbances requires the consideration of the f
tion. Themwme fad roen,i htlkdiie 2 eXit2 osneltelmdvead u@as i on

par anfeotrert hi s di s.tNuortb aenx @ e gcaairticeggpottriyen t hr es hol
O. On/5& ] t hin t he iwsholhee sccreintaerriioon f @rrstubeeaccenpit
by means of the wor kiasg dhiyspoou shseasdsslpir gNveti voeerstdhgeeld
ing of the perception threshold is probably a
i n a vehtilcd eac clTehputsg bd eq wWa li iy yn djie ssera hiarced f or ai
exceeding occurrencremiorfe 1t0h & iampgrn Ve dratp ether
turn out tanbdetacasptabl ehe sensiitivity to th

342 I ndi rect Di sturbances

Contrary toamnhakypeedvcausyggry, the indirect di
speci fic oopfertahtei owWMDsS aitse f ul ftidoheddi Fthursb anac a |

the horizont al tire fowbheshuby swhaeoeldelvoad i varrsi
sihedi zont al accel erations.

Thus, contrary to the direct disturbances, a
virtual vehicle and t htehediewallriwatnicen exfi sttsi. s T

conduct ed jbuasste dn ootni cehaeb I(.& MDisfhfoerrtec omi ng of t he
in eg@3yt sohhat the JIND gets close to zero for
reference s,thiomelves, ot heeperception threshol d
f omlwWwli ng Webies daftiimed flaseadeon viaHa add oel er at i
threehaoddl t he Web@r :coefficient

Y&

VTR e T o

(3.5)

Thi s meoarnnsalai zati on of the acceleration devi at
Therefore, a value of 1 corresponds to a di st
ol Dhe val us eft to the akbs oolnuttdfr disnfaoilddne)r ed p
secPkidn3

343 Hori zont al Dynamic Disturbances

This category cmprises the disturbances that result froawtions of theelements along the
transfer patldue to horizontal acceleratioaad are noéxcited by the dving surface An
examplels motions of suspension springs for the support of wheel load transféistinc-

tion is made between two types of disturbances: dynamic disturbances during transient ac-
celeration variations and static, sustained disturbamagsatt during periods of constant
acceleration. The dynamic disturbanege vertical, pitch and roll accelerations resulting
from the moments of the horizontal forces and vertical support forces around the center of
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gravity. These moments only occur Uiatinew equilibrium state is reached. The static dis-
turbances are generated by the tilt angles resulting from the motions required for this equi-
librium. The tilt angles generate a horizontal component of the gravitational acceleration in
the subject coordate system, which leads to a sustained offset even during a constant ac-
celeration period.

The first aspect is evaluated based onahgolute and unfiltered disturbance accelera-
tions. Due tothe lower variations of the horizontal accelerations compartteexcitations
induced by the driving surfacthe specific characteristics of vibration perception are not
considered.

The evaluation criteria for this disturbance are the perception thresholds from 8ettion
Although a reference motion of the virtual vehicle exists during this phase, which could
result in a realistic feeling of the motions, the motions of the WMDS will generally not match
those of the virtual vehicle. On the one hand, especially the angular motites\WwiMDS

could have another direction than those of the virtual vehicle because of support forces. On
the other hand, the natural frequency and damping of the WMDS are generally different
from those of the virtual vehicle. Therefore, the disturbance n®8bould remain below

the perception thresholds to avoid these mismatches.

The second aspect is only relevant if a reference acceleration is acting that generates a sus-
tained tilt of the subject. Therefore, similar to the indirect disturbances by wheeldoa-

tions, a causal correlation between horizontal acceleration and disturbance &ppbethe

JND is selected aanevaluation parameter. However, in this case not only the acceleration
magnitude but also the direction could be disturbed becaagdistiarbance direction in-

duced by the tilt anglmight not match the direction of the reference acceleration. Therefore,
both aspects are evaluated. The magnitude deviation is assessed based on the Weber ratio
from equation(3.5). Additionally, thedifference between desired and disturbedctionis
evaluatedand the perception threshold of 6° from sec2ch4is applied as criterion.

344 | nt er act iDdams tafr btamec e s

The previous sections showedttddferent evaluation parameters have to be appdieif-

ferent sources of disturbance. The impact of the interaction of distsebanceshowever,

is unknown For example, if indirect and direct disturbances both exactly meet their respec-
tive percepton thresholds, it is unclear whether the superposed disturbances are perceptible.
Nevertheless, as discussed, the compliance of the direct disturbances to the perception
threshold is already a strong criterion, yielding a conservative estimation of dpadite

driving surface. Additionally, especially in the described critical situation with the virtual
vehicle at standstill and the simulator at high velocity, no disturbance other than the direct
one can occur due to the lack of horizontal acceleratidnss, br this thesigsit is assumed

that if the direct disturbances are below the perception threshold, their influence on the eval-
uation of the indirecand horizontal dynamidisturbances is negligible due to the additional
masking effect of the horindal acceleration.
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This enables the isolated investigation of the respective disturbance categories. First, the
acceptable driving surface quality is determineddioect disturbances. Subsequently, the
impact of the indirect antlorizontal dynamidistubances is determined on this driving
surface Although the interaction of the disturbances is not assessed by this methodology,
enables the evaluation of the impact of the different sources of disturbances.

345 Summary

The derived evarnd aev alnu gptairamed reir tsleardiddbens ar e s
The wmapfeaeanrdéher mi nati on of the acceptable dri:
tion disturbance. lLint siud seevqaulewna t e du vvbhadantichgesrt i tome
are also below an acceptable | evel
Table3-1: Evaluation Parameters
Disturbance . Eval ualEval u:
Expl anati on :
Source Par ame Crite
Direct Vi brations excitedToal vi
<0.01°¢
val ue
Indirect Hori zontal force d
. . Weber <1
| oad variations
Transient Accel ecfMD® ndue to Absoll<0 5
Horizontal resulting from horl  Accel e A/.s
Dynamic rot. Ve ’
Static Stati ofarndlee sSWMDS ( weper <1
Horizontal ments resulting fr _
Dynamic birect <6 A
Devi at

35ModesSIt ructur e

Themodels applied for the investigation of the evaluation paramatedependent on the
considered system configuration. Therefore, the models are prefeméadh system con-
figurationin the respective chapters. Howevitre appliednodel structure thaaddresses

the evaluation parametesBown inFigure3-6 is derived The toplevel input into the model
structure is the urban driving scenario freabchapteB.3. The demanded translational and
rotational accelerations are transferred to the Carmaker model of the W&iie®pkd by
Betz.° It contains the control architecture and the driving dynamics of the motion platform.

0 Cf. Betz, A.: Diss., Feasibility and Design of WMDS (201g). 95 ff.
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3.M0del Struct

The output trajectory of the WMDS is sampled by the driving surface modestrbamapter

3.2to obtain the vertical drivingurface excitation, which is the input for the vertical dy-
namics model. This model determines the evaluation parameters for the direct and the hori-
zontal disturbances. Additionally, the wheel loads and their variations are determined and
fed to an isolat@ horizontal tire model. That enables the isolated investigation of the wheel
load variation impact for different reference accelerations. The tire is described based on a
fully nonlinear single contact point transient tire model combined with the Magmuta
5.2/1The model parameterization and validatieeredone in previous works based on tests
with the MORPHEUS prototyp®. The resulting Weber ratio for the indirect disturbances
and the output evaluation parameters of the vertical dynamics mode¢arevialuated con-
cerning their perceptibility.

Test Maneuver L
Representativ&)rbanDriving Cycles g‘ #

J

é ~—>
s )
Carmaker Model “
Control ArchitectureandDriving Dynamics -
- _ J
W h w
\4
- )
Driving Surface Model ‘
Vertical Driving Surface Profile
- . J
IR
e )
Vertical Dynamics Model
DirectandHorizontal Dynamidisturbances #
- J
v Oﬁ

Horizontal Tire Model |- =% &)

Indirect Disturbances

Evaluation

A Determinatiorof AcceptableDriving Surfacewith Regardto Direct Disturbance
A Disturbanceof HorizontalAccelerationghroughWheel Loadvariations

A DisturbanceMotionsof ElasticElements du¢o Horizontal Accelerations

Figure3-6: Applied model structure

"L Cf. Pacejka, H. B.; Besselink, I.: Tire and vehicle dynamics (2012).
72Cf. zoller, C.: Masterthesis, Reifenmodell WMDS (2015).
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4 Anal yslimi toifal Situati on

Based on the developed methodol ogy and resear
the current system configu,yawhioanh oifs tédeu iMODREd E

tiosxeBhis allows the assessment of the initial
provements of the vertical dynamis $dedbanwi on.
Fig&4k e The first stédhmpsies Shystmemasdreememnti cati or
i nt oc otmpeo ne nt identification of the tire and
Based on the detcetremiinsetdi cssy,s tae nv ecrhtaircaa | dynami
mod el is then validated in further experi ment

the evaluation of the acceptable driving surf

( Systemldintification ]
( Modeling ]
v
| J
| J

Validation
v
Evaluation

Figure4-1: Methodology ofthe analysis otheinitial situation

41Systlednenti ficati on

The system identification is started on comp«
system behavior. The dominant el astthiec dcroinvp-on e |
ing surface to the subject is the tire, whict
shaker. The analysis is restricted to the det

search concerning pneumatiincg toifr eas rhoalvlel nsgh otwnr e
factor 10 smaller corfpddedi bnathg, soahec damg

example from joint patches or material dampin
damping. Therefordckeet @rhmei deadnpfionrg tilbse oomMer al | s
This overall system identification is also co
to the rolling condition.

73 Cf. Pacejka, H. B.; Besselink, I.: Tire and vehicle dynamics (2@l 5)36.
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4 Slystem I dent i |

411 Component | deTiti$tdiifcfanteisosn :

I n order to ideesi Dy the ¢eiastiexpereopeaent s
shaker. A plate is pressed vertically again
force is measured with a |l oad cell. The r e:c
Fig#42Z®wo tire conditions are tested to iden
new tire has a radial rubber thickness of 3
i's recognizable. Theofeasvwentiore tbnsacs pht
ment has an el astic behavior that increases
a | arger contact patch results in a higher
overall force.

The mamrl ien a&tcanf becdescribed with a quadr
fledUion

G WpYU  opYU (4.1
With the cpdNewmefTere:), 1W8r @ NTM/mem) d&z(riNle5w
Tire: 353.7 N/ mm, Worn Tire: 265. 9 N/ mm) .

with the following |inear approach at the s
- - O AL O -
W CWhn — = - Wp (42)
" " s CQR O "
Wear has a high i mpact on the stiffness c¢h
radi al el ements reduces. The | inearl|l caagpdpr o x |

yields a stiffness of 1300 N/ mn3 WNMWhiirtelas t h
a third of the overhl s pbatéspmnthassooésiDmm
cies of 9.7 Hz and 13.4 Hz.

14000
12000 ¢ ——— Quadratic Fit, New Tire
10000 + *  Measurement Data, New Tire
Z ~ Linear Approximation at Static
E 8000 Wheel Load, New Tire
% 6000 | — Quadratic Fit, Worn Tire
~ *  Measurement Data, Worn Tire
4000 ¢ ~_ Linear Approximation at Static
2000 | Wheel Load, Worn Tire

O bl "'

10

Deflection in mm

Figure4-2: Static brcedeflection characteristiof the solid tiredetermined on a hydraulic shaker
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4Anal ysis of I nitial Situation

412 Overall System I dentificati on

The described component identification of the
characteThsttiypical behavior known from pneum:
stiffness of a rolling compared to a static t
due to a reductionfTokerehersindedwactudbebbresst
have the highest i mpact on the stiffness dif"
behavior of solid tires Iis expected to be ever
static stiffness to etdhei nr otlhiisngs eccotnidant.i oAd diist i
system damping is determined.

4121 Met hodol ogy

The system behavior is determined based on an
i's generated blyeiagtmem @adn do aar waidtthhrndcefr 30 mmoi d
mul tiple excitations that interfere with each
across the met al bar. The vertical accelerati

with the ADMA t hat2.i6s. 1lddéBec ainlgped airn acseectd eomt i o
by calculating the derivative of the measured

The wesd®aduct ed <« lAeihref iAailgdisitn Gr i eshei m. Al tl
|l ow surface unevtehe etsess tiss, scil etcureldafmwa exci t a-

To compensate for the influence of these wunde
every fifth trial of the tests. This procedur
scope dfs.500 hterimaxi mum amplitude of the vert.i
indicator ¢oosshegtime fep in order to synch
results to each other. The accel eratmons resu
phases, resulting in a mutual di stinction of
for the different positions of the metal bar.
has equal phases for all omeadcier amerntus b ana et e
The remaining step response allows the determ
4122 Natur al Frequency Determination

The dominant natural frequémay sifso rdme todr mihree dne

vertical aoadl eamgwibtmp exiTiher dasecraivpetriaogresd over
conducted trials. The rEsg43 eng PSD spectra a

The natur al frequency of the vertical accel er
naur al frequency estimated from. ih®Fhaoesmpohent

74 Cf. Zegelaar, P. W.: Diss., Dynamic response of tyres (1998164 ff.
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4 Slystem I dent i |

expected influence of rolling on the tire s
| ocity r educitd oinn tftrdcadtwapelsdi endi | wi t h t he tot al
equa@li,onso that both fergaucaliloynl sr eodfs ctéheet efronri cnee
the | inear approxi mat@d.nh®fl itrhearsitadd netsisf fi
static wheel | o@wdl ower eqoi aeldi ¢ ove behé& 7desir
frequency, which is descriQped Blyy itnlsee rgtiinfgf nt
tors i nt@2aenqduastalomi ng it for ®Whe tveéotodolklyow
relation i s found:

. Wi Qf

«Q - 4.3)

COh Wi TOR W Wh Wf Q;

Substitution of the respective pdr &métl arss w
a velocity reduction factor of 0.49

N Vertical Pitch 0 Roll

S | N - N 10 -

=9 T 0 =

% 10 o~ 10| ~

g < <

.8 £ p 10

9 1) o

< < <

g 5 = 10

= -5 + ]

£ 10 = A~

o -5

> A 10 A

- %) ¢

o . [a W . A~ 10-6 |

2 10 10" 10 10° 10" 10 10° 10" 10
a Frequency in Hz Frequency in Hz Frequency in Hz

Figure4-3: PSD spectra aheasurecccelerations resitig from step excitadn.

4123 Damping Determination

The determination of the damping character
detr mi ned with the Hilbert transfor m. The t
steps giveA.. 4 Toappenmdi * he di sftrue dwuerrcte sf rn axat
only frequencies around tahned nla2t uHza Baarfee dcqounesr

on nexeuénvetgbpehe accefiegypati omesidgmpli ng cha

i's deter mmamead yfsrndeent afy toledhavi or . For viscous

foll owing behauwiher eampell iope f the oscill at
O i O i rQ (4.4)

The derivaenvetktamébd hwrsi tten as foll ows:

S Cf. Magnus, K. et al.: Schwingungen (2016), p. 63.
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4Anal ysis of I nitial Situation

A a i ) . Q .
0 Q a x L (4.5)
24
o
Thus, by determining the gradient of the acce

ing coefficient offthbhet mpasucamebe desubed. f
a constant gradient over the acceleration amg
damping fraction.

The gradigemnti sofcal cul ated separatebdfy @8o0leach
and the discrete points of the gradient vs. n
Because of disturbances from undesired excita
trials arises. I n order toagdewabumbenewhi theneés
the equal step excitation in al/l trial s, an ¢
t ween gradient and magnitude asFiweddle as a | in

1_

Average Gradient
Linear Approximation

=]
T

1
—_
T

Acceleration Envelope
Gradient in m/s?

0 0.5 1 1.5 2 2.5 3 3.5 4
Acceleration Envelope in m/s?
Figure 4-4: Accelerationenvelog gradientvs. acceleratiorenvelopedeterminedn and averaged

over 30measurementsf a step respons@ith regard to the time course, the graph is read from the
bottom right (highest acceldgian magnitude directly after the step).

The | inear approximation of the gradient off el
and is therefore suitable for the descriptior
fraction | sampmiengdoao m@maoan e ndt . The damping con
0. BS/ m.

42Mo dlei ng

The model for the verti calgaviehbraomn sNcdy sofe mt h
andtihe sprinhgas ol &€ hmadmieed ,celel ement al ong the
pat h tfhderoimvi ng tshseu b peetb da@ed domi nant for the dy
systTem. di fferenti al equations for this systen

a a Gharr Ohk Rk koA (4.6)
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4 Modeling

: p . p . .
Op 1 — O ir/b —=/b Oiriir  Ohh ik (4.7)
o c¢o
; p . .
U oo TP A RR Onh A (4.8)

with thesdsbonddy t he mass momamtds tdhfe icheent teira of
The geomet/bi s ghentdi syance between the whe
|l ength of the equil atTédteadteitfrfi nmensgs bee dc oahenseac tsi
function ofwitthhe tdheef |teicrtd amtainfdimesordoafgf it ©i
findings 4rbimliseacthiacmcteristicQi $toadapbedt)

fore trreduced natur al frequency that has bee
4. 1. 2TRRe determined de4f.alys behadi oanmr dx paon eretc
i or. Therefogemodelred dasnpa ngi scous damper w
This results in thetifrod | foomi cnegs deess ca ifpun cotni

exci tatg:i on

Ghrp Q Wi G p QR Wwhp @ f QR (4.9)

Ovin Q @ Ohn (41D
The requir edondott itomes whedglhpepeschal onbated fr
tons in the c6&htoelhopphwhirabnitgr (lC&é ¢the WMDS:

Cpp @ L (411}
Vo
P P
ag g a — <« b — 71 /b 4.1
A R c P (417
: ., P P
Arr a —<<Jb —1 Jb 4.1
A R c 5 (41 3B
Al l mot ebnheedrteodzero in the static equilib

§
BN B
L

O rnn Ok ro)nn  Oir)Hhrn

Figure4-5: Vertical vibration systermodel.
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4Anal ysis of I nitial Situation

43Val i dati on

The met hodol ogy f or Fti gekG eall hied aftihresnts e dste esyh ioionan  to
a real driving surface profile for the valida
to serve as an input for the comparison si mul .
are conducted and compaiend!| aniondsr vabi dssgsa

| Modeling )
T Lo —
! ( Determinatiorof Driving Surface Inputfor SimulationandTest Drive | g<_) |
: . Il S
' [ Test Driveswith MORPHEUS | | Simulation ) & |
. 1 ! S
| S X
Vo ComparisorandAssessmentf Validity )
( Evaluation )

Figure4-6: Validation methodology

431 Deter mioatloput Signal s

4311 Met hodol ogy

For the determination of drivingvaluifdatcteopr of

simul ati on, the driving surfaceFpgéfiessi e meas.
appl®Téeé. mai n pAAMSso tt hgerhawmmsdesor (LGS), which i
along a |inear guidashyeantkeéedrtoumnd deiitvhe . arh
accuraocnyrm@andOt Be velocity over ground, from w

units by spherical joints. The height of the

C
di stance is integratiedTlwd tlhi raea ra capwtirwhe ybh asfe &n 1
i
ment gui des.

The aim of this mechanism is to hold a const al
urement independenel ynevenmessdrowemga sluomagcdi
the system is placed along the track to be me
adjustment guides together with a precise | ev
i nclinatihoen noefx tO As.t elpn, tt he LGS theasungssuhéat:i
profile from the beginning to the end of the
rear base unit is rotated around t hheeisgphnter i c al
of the sphedisplapednbaptstedt wi s haghienhadp o

76 Cf. Banic, M. et al.: Advanced Design Project 82/16, Anlage Vermessung Fahrbahnprofile (2016).
77 Cf. A&D GmbH: Vehicle Measurement System Description (2013).
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4 Validatio

adjustment guide to an inclination of OA. B
the samé, of hehlkeVlVenfeatrieeg uLiGS raenlda ttihveer et 0 t h «
constant, even i f the baseiwnmminesuresnadaess.l ace

Linear Guide Sphencaomts

Vertical
Adjustment
Guides

Figure4-7: Driving surface profile measurement system

The systemi it abloamlfyor the measurement of | in
the respective wheels of the simulator are

4312 Resul t s

The results of the driving surgft&cece profil e

40 T T T T T T T T

[\
o
T

Driving Surface
height in mm
o

45

Distance in m

Trmse b s gy |
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1 _ \ Left _
o' =

haty
‘M :
_ M”‘“”‘“Ww

10" 10 107
Spatial Circular Frequency in rad/m

—
<
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T

—

<
[\
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_
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Figure4-8: Results of driving surfacer@file measuremerih spatial andrequencydomain.
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4Anal ysis of I nitial Situation

The maxi mum height deviation over a |l ength of
densi ti ese onfe atshue etdhrl anes are in a similar ran
i mat22@ B/ decade and therefore matches the valu
t hat was descRi.belch ei m osuugbhotesspst actro e feffieaieenncte (f r e
1 rad/ m) |lies between 40 and 100 cmj, which <c
T a b2l2e

432 Test met hodol ogy

The gener al test setup iIis to drive tehe proto
vertical accelerations and the angul ar rates.
is difficult because the prototype is steered
t hat on average the correct enxacliltyat iboans eids oanc t
mul tiple trials, a range of the measurement r
criterion. This is sufficient since the main
excitations on stochlstmnlerdentvliywgalswaysacelowy
stochastic variation is included here as a de
range of the measurement results, the accurac

esti mat ed.

433 Val i dati on Resul t s

The results are evalwuated i n tpheasfer §qudnmnay dd o
a Butterworth filter of second order at a | ir
range ¢efodwh oliabcrcaotridoinnsg® . t4o0 Zdhectsigmal s are wind
Hanning window to giedarcleciéneei ngfif uemcleeakage
rier transformed. Subsequently, based on the
| ated accordirng Ct*muBhe apespachi e mini mum and
of the trials aacet.adv@her miesad tfi mrg EBIOYLBIpeect r a
4-9. Despite a slight wundercut at thre. mhig.st ani
values of the simulation are within the range
valid upotoaviheydnd tvnhi ch the model esti mates

roll frequency, the | i miott einaedv & lhied idteyw i iag iroemac
that | imit are higher than for the pitch DoF.
However, for the purpose of the model , the | e

even though not the wRhboddey fwvriebgruaetnicoynt sr ainsg ev aolfi
of the vertical DoF(oh. theXtdwbachvi braheoworva
the determination of the acceptable driving s

"8 Cf. Claus, S.: Diss., Kompensation Verzugszeiten semiaktive Fahrwerkregelung (§0B332.
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4 Validatio

i mpact of t he edawigatliaogn Dodwse itso stmal | . Thi s
deviation between measurement and simul ati c
oscillations excited by the driving surf ace

ence ofgHortehgewemti exci tations that are not m

Vertical Acceleration Pitch Acceleration Roll Acceleration

E
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102 : : 10° : : : !
10° 10! 10 10° 10! 10> 10° 10! 10
Frequency in Hz Frequency in Hz Frequency in Hz

—8— Measurement Max. - H- -Measurement Min. —6— Simulation‘

Figure4-9: Comparison of octavem.s. between simulatigqmodel from subchapter.2) and meas-
urementfor vertical, pitch and roll DoF determined on the measured validation driving surfeece
maximum and minimum r.m.s. over 30 trials are shown for the measurement results.

I n order to determine the wuncertainmt,y a esu
comparison of t hécfs.eoc @il dhvet bweaetni ome avsaul r ueense n t

l ation is conducted. The cumul ativeFdgstrib
ued-10

o |

2

5

2

B

&5l - |
05,0.5 -

b= -7 Simulation

= g - ——— Measurement Max.

g / — — —-Measurement Min.

O r

0 I | | 1 |
0 1 2 3 4 5 6

Total Vibration Value in m/s?

Figure4-10: Cumulative distributiomomparison ofdtal vibration valugintroduced in sectiof.4.2
between simulatiofmodel from subchapter.2) and measementdeterminedn themeasuredal-
idation driving surfaceThe maximum and minimum distribution functions over 30 trials are shown
for the measurement results.
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4Anal ysis of I nitial Situation

It i s recognizable that the simulation is cl o:
uement. The -qquanmuime 100 %t he measurement amoun
guantile of the simulation is 5.83 m/s]. The
value are approximately |l inear !l y idegperuddmtc eon
unevenness. Therefore, the reference amplitud
termined with the model could be a factor of
sponds to an uncertainty 2.a2%t oAl tohoudl trhiughna
the classification of driving surfaces foll ow
a |imited influence on the determined class o
ence between a rfoughaneds s6 cconejf fiiscisetnitl lo a dr i vi
accor dambazet o

A44Eval uati on

I n the foll owi sgstsemt ¢ oins i egvhaelau antbend ablased on t
parameters presdeadnddsummiaabldedpimst, the acce
driving surface quality is determined for pur
Subsequent | yindidreescdtmpld a ttchee$a h o a €t g erheesrual ttiionngs

from wheel | oad Viaei ditstomsbascaenmbtyzens from
horizont al accelerations of the platform are

maxi mum accel erat i ocemns st cogfe tthheer twirtehs tyh ee | sdtsi faf nr
This corresponds to a disturbance acceleratio
bel ow the absolute, unfil t2ele®d perception thr

441 Acceptlarbilvei ng Surface Quality

The acceptable driving surface quwalbicthyapitserdet
3.flor direct disturbances from thesdaagtiivomg su
3. 40lr that purpose, thed msdalppde =dr itmediimul au
driving scenario 3aendrdhegtooasubclRaptz2on val
resultdngvingmurntfaddens i s determined. The dr
atively reduced until the occurrence of exceeqt
di fferent sTpheecirfdseu eveh Faupdlpprye sneains of t he aci¢
bl e roughness coefficients of the driving sur

Accortdeogwa@®B4),ont he shown values of the acceptat
respond to amumadget bf gaagensna b d t Afhen® 8o vOe.r0 0a8

l ength of 4 m. Even i f the determined uncert:
gauge range in the subdmmbhddménmiri sr aRgaui bretdwe e
duced scaliogptfiamg ohisgloer aexceedance of the p
the vertical dynamic behavior by at | east hal
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o &
ij] T T T 111

Acceptable Roughness Coefficient
of Driving Surface Excitation in cm?

10 I I I I |
0.6 0.7 0.8 0.9 1

Scaling Factor
’—X— Tolerated Exceedings of Acceleration Threshold: 50% —&— 10% 0%

Figure4-11: Acceptable driving surface qualities fatire-sprung systemwith solid tiresin depend-
enceon acceleration scaling factor and allowed exceesligperceptiorthreshold The quality was
determined with the model from subchaptezin an urban driving scenario by iteragly reducing
the surface roughness until the total vibration value (se2tig) is below the perception threshold.

442 | mpact of Wheel Load Variations

n this section, the demplaced 0d retrdale | ainselueb a

I
from wheel |l oad variations is investigated.
curring on the acceptable driving surface ¢
tomagi c ftormulme.dblk hlapi eThe input into the |
corresponding to constanmaghriraudkt wbcehemna
ence stimuli. The deviations from that refe
are eaadgrevd to Weber rat@®snaocdedi hg evakgahn
bility (PercepifdoerehtegNedled: Ira i ofs tahe eac|
|l ated referencsbdowbBcghkeati ons ar e
01 T i T T T T
£
&
E 0.05 - —*— 50%-Quantile —&— 90%-Quantile Maximum
g S —s—a—a a5 5 o - -
% % > > 3 > % —)— 3 ]
3 4 5 6 7

Reference Acceleration Magnitude in m/s?

Figure 4-12: Disturbance of horizontal reference acceleration through wheel load variations by
means of Weber ratio (cf. equati(85), paception threshold: 1). Determined from wheel load var-
iations on acceptable driving surfdcem section4.4.1with isolated horizontal tire model (cf. sub-
chapter3.5) ard different input moments corresponding to the shown reference acceleration.
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4Anal ysis of I nitial Situation

The maxi mum ratios remain one order of magnit
fore, the i mpact of wheel | oad vari atthheons i s

wheel | oad vasipaungnsyset emharei derectly corre
celerations. The high drividngyesher atces qluaw i wlye
| oad variations.

45Concl usi on

The deterrmed acceptable driving surface qualities are far below the desired oblues?

from section2.5.2 which are achievable with asphalt or concrete driving surfaces, even if
the uncertainty of the validation is considered. Teptd gauge of @48 mm overa length

of 4m is a high accuracy requirement and even if this is achieved, 50 % iexysasdhe
perception threshold and a scaling factor of 0.5 reduce the simulation quality.

Thus, concepts for the reduction of the distumtes resulting from driving surface excita-
tions are required to extend the application potential of WMDS to uneven surfaces such as
driving dynamic testing grounds. The working hypothesis is adapted to the determined driv-
ing surface qualityor a scalingfactor of 0.7 and no exceeding of the perception threshold
(cf. subchapteB.3and sectior8.4.1):

A driving surface with a roughness coefficient of 0.036 mm3 is required for the ap
tion of WMDS without deterioration of the immersion of the subject.

This corresponds to a depth gauge of B8.081n. The followingchaptersaim at falsifying
this hypothesis by reducing the driving surfamauced disturbances.
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5Concept Devel opment

The fol apwéengaicms at develtohdei sgucbanepstsi hd
t he driviimgorsduarf atcoe ext end t he sauprpflaicceast iodn I
guality. The most promising concepts are SE€E
chapters.

51Met hodol ogy

The concept development i sFilpd@dedT hhen aihme ofr
concepts to be developed is to reduce the |
that i s genersaurefda de dihset Wrhbanomgs. Therefor
channels is analyzed from subject to simule
potentials to reduce the mismatch. Subseque
ti gatceedd ncdonng their compatibility to generat

approaches.

52Conceptlkse fReduwcti on of Driv

fademduced | mmer sion Disturhk
In the following, the visual ansde ptabheat veé gt if
possi ble adaptions. Subsequently, combinat:

521 Vi sual Pat h

5211 Vi sual Adaption

Though the dominant origin of the mismatch
motion disturbance, the redoglt ytoon pionitpdrteohvi es
i mmer.siAdbn ernatively, the visual hdeasttiuornb acnacne
feel mor e r eacloinsptriwes.e alshpiesc tvwso.u lGdn t perecmree - h a
tible driving surfacempdiemtent eanceas ohdahe Vo S
require-detprcaviommw of t he darnidvian gv asruirafbal cee vuinse
the road in the .siOnel aottihenr dmwnidrrornrmentdi st ur
vehicle aamvde WMdDSbdéd adapspdctital epchhethatur a

4 3



5Concept Devel opment

the damping of both have to matchHowegemer at e
the shortcoming that the most critical Si tual
nonzero velocity, cannot be solvedi bgultéi s c
concept for di sTtherileidtoagies, mmot glhtor bimer consi der
hough i1t could be combi nevde swiigdbltuH cairme it happmuad ac
enhance the i mmersion.

5,22 Vesti bul ar Pat h

Along the vestibular path, the following options for a reduction of the mismatch induced by
the driving surfacare conceivabte

1 Adjustment of the transfer path

0 Pneumatic Tires

0 Passiveslementgspring-damper systejn

0 Active elements
Compensation of the disturbances vathexapodvertical dynamics control
Adjustment of the trajectory of the WMDS to avoid strong excitations
Reduction of the driving surface unevenness
1 Masking with superposed sigado increase perception threshold

E NE ]

In the following, theseptions are analyzed concerning their advantages and disadvantages.

5221 Pneumatic Tires

Unli ke solid tires, which carry the entire | o
mai n s uppnpeourmta toifc tires. I ncreased | oads are ma
the contact patch at a constant surface press
solid tires is based on two effeement IheThers
second i si mmeuimbeerfefoefet i ve el ements with incre
tire. This results in the nonlinear <charactel
pneumagpircontiisrees a | owern mhet o laildef trneagriss.meeya rti it ay

the stiffness issmaedwliptetc tpende u noa tbiec ntuicrhes. The ir
stiffness of the pneumaeduwenedd ntence bbwehebeaoh
ture on the |l addritgddi loonsé¢ | ¥ d nteissal dynamic behavi
characteristic of pneumatic tires is preferab
0.9 and 1. Icompdrrye da ¢ ph ai’ftroarx itnhuem soofl i0d. 8 i r es .

®Roth, J.: Diss., Kraftlbertragung PXReifen (1993)p. 50.
80 Zoller, C. et al.: Vertical Dynamics WM® (2019). p. 71.
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5.2oncepts for the Reldomdutced bmm®&r svongDISsrt

Di sadvanrntegtelbpeais|l arger di mensions of the pni
compared to solid tires as well as an addi
the dynami cs®Dufe tthoe tthier el obwe Idtampi ng, an app
paredsbobdthere i s trhootu gehx ppehcet eldo weewrenmn at ur al

filter Negeramg@géess, due t,0 htehappémntciadnme®c ad
tires is a promising Iimpravecgnbmpbctt tbealkawie
WMDS and will therefore be investigated fur

5222 PassbBuepensi on

The introductiodampeaddi emenabk saptowg a fur
ural frequency coMbMampedgtoanhlkeesiohcdeasees.:
peak at the natural frequenmgssAdgenebatteisy
a slope of the 40 sdBirdbanazece pabvanreadtf hfer esgeuceonn
sultseshgong f i Htreergiureghto fachciegher ati ons.

Di sadwoaunst aigse t he i ntroduction of a high sec
sive suspensions al ways are subject to a tr
and the reducctqgiuemtofoskciigh ati ons, wvahiach eirs e
istic. Thus, although an i-smprawmwgmegsteocmpar
a complete compensation of the relevant o0s«
natural frequency that | svximaqwiurddcfeore xefiftea
i n increased motions of the WMDS6s body due
ments concerning the isolation of direct v
i nduced by the horizontal dynamics.

5.2.2.3 Acitv®@®uspenEil ement s

The aforementioned shortcomings of a passiyv

tion of active elements. This enables a mor
which is of course | ihmi tenpl|eyenhedparct aamar
compl ete compensation of the motions that a
ble. Therefore, concerning the vibration 1is
tial of WMDS, prtoaddslte.amaiumpedi adwgpnt ages ar
wei ght and the installation space of the r
demand that is relevant for a mobile approa

81 pacejka, H. B.; Besselink, I.: Tiend vehicle dynamics (2013). 475.
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5Concept Devel opment

5224 Hexapod Control

This approachei afasemgntbbagae toownaecvhei rv,e tahpep rhoeaxcahp

is already available in the WMDS concept due
Therefore, the disadvantages of the active el
Spadcoebaplpy. fTleeai bil i ttyeinradjsdetri eghavior is o
the performance of the i mplemented hexapod. A
i mpeded by an additional vertical dtymrasni ¢cs coO
concerning stroke, velocity and force. Theref
tion is unknown. Nevertheless, 1t is a promis

ware adjustments.

5225 Trajectory Adjustment

The main targetowoy phannirng of the WMDS i s th
the demanded accelerations. However, human mo
for the adjustment of the trajectory. The dri
for WMOSause no | anTehserheafvoer et,o0 ab ef ukretphter opt i mi
the trajectory could be the prevention of st
woul d eit leeri erwe gdeitreectprone mof yooc omiasdnst rong

whereas the | atter would be disadvantageous b
once during a simulation. Although the concep
staclhedqiwiht magni tudes, t hes greenseurlatli nrge dfurcotm osnt
excitations T Ther aeibtwripfsescbmpl ementtdray ampurd a@ach
i mprove the behavior in combination with anot

5226 Reduction of Driving Surface Unevenness

A redwan of the i mmersion disturbances is also
if the flexibility adhant dgb e ofraatshoel aiNhBo8n ctohnact
not require potenti al users dtes iTcheidss tdauwcltd ab es
achieved by a transportable driving surface t
However, to achieve the requiredrdmigvisnygteunr f
deter mi ned. idmi tsshetct ameaiportabl e solution is exj
Therefore, It is also an approach that coul d i

solution concept that reduces the vibrations.

5227 Masking with Superposed Signal s

|l nstead of medobi bgt wbaenmvissual and vestibul a
acceptable mismatch is possidl&8hdbWhet Wabemra Ira

4 6



5 . B3val uand o%el ect |

erence signal i ncreases the peprceefpetriaobnl yt hprle
bl e vibration signals (e.g. road vibrations
of the disturbances induced by the driving

523 Combi nation of Concepts

The following concepts are complementary apphes and can be combined with each of
the other solutions:

1 Adaption of visualization

1 Trajectory adaption

1 Portable highguality driving surface

1 Masking of signals
Therefore, the suitable combinations are gathered from the other remaining concepts. These
are as follows:

1 Passive suspension + pneumatic tires
Active elements + pneumatic tires
Hexapod vertical dynamics control + pneumatic tires
Active elements + passive suspension + (pneumatic tires)
Hexapod vertical dynamics control + passive suspension +r(@t&utires)
The combination of pneumatic tires is possible for every concept in order to reduce the first
(tire-sprung system) or the second (suspension) natural frequency. On the one hand, this
improves the filtering of lgh-frequent vibrations, while possibly shifts the second natural
frequency into a range of increased perceptibility Foure A.1- 1). The impact of this
tradeoff has to be investigated in detBBpecially the combination with an active approach
could benét from the lower natural frequency with pneumatic tires because the required
bandwidth of the actuators is reduced.

= =4 =4 =

This is also the main advantage of tteambination of a active control with a passive sus-
pension. The suspension providiéiering of high-frequent excitations, while the active con-
troller damps the remaining natural frequencies of the suspension system. The implementa-
tion of the suspension is expected to reduce the requirements on the actuator and thus,
probably enables the applicatiohtbe hexapod for the control.

53Eval uati on and Sel ecti on

The compl ementary concepts have the potent.i

situations, while they are not suitable to
whol e sNeemdarmhied ess, the focus of this work
in a | arge part TDHeneéfeorse,entalre e duolauti ioons
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5Concept Devel opment

i n thiad twenukgiht ure devel opment i1 s recroammended,
j ector yarad atpte omas.king approach

The approaches with active el ements promise t
| ati on. Dependent,aorf utthe coenMpentsaad | ant wdt drhe d
ble. With tbhéeaheeagpydavahobowaver, an active ap
ware chamhges epiosscsailbllye . Thus, the potenti al 0
investigated prior to the introduction of an ¢
techndcalnamci al effort. Ther ef areev,el tolpemefndc us
and investigation ofhehembpbewapmdntopoepnti Bi r
Ssprung system is analyzed. Subsequest by, t he
system t hdtopvgassvés|l ae®r i n cpmbsnaekapodi th th
gat ed.

The introduction of pneumatic tires is a simp
concept suits best fori dt hte rree shpaesc tai vhe gcho nsct e pf tf
a shift of the natwural frequencsyrleeoswsa rsdesn shii-gh
tigepecially combined with a suspensi,on systel

on the atonnldeddlmantdtageous within the active sys:i
frequewkbiyl e the i mpact of t.heAddaltti oeniagdnymo d é e

nonl ineheitobopwser searsd ttitve tlyi dloe meefardivatnitan coe
geallsus, a superior tire comhbepebfoaesha natr ebe oind
cepts are investigated f or eacRhs pcrounncge psty.s tAednd i
with pneumatic tires is investigated.

S5 ASummar vy

Summarized, the followingomcepts will be developed and evaluatethe following chap-
ters:

Tire-sprung system with pneumatic tire

Hexapod vertical dynamics control + solid tire

Hexapod vertical dynamics control + pneumatic tire

Hexapod vertical dynamics control + suspension tel swk

Hexapod vertical dynamics control + suspension + pneumatic tire

= =4 =4 4 A
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oPneumatic Ti1res

The expected advantages of the application
5.2.2THi s chapter ai mpvamemmvpeteghitahgbyh:
acceptable driving surface quality for pnet
The basic methodology for the determinati on
same as for soudnldi ktei rseosl.i dHotwierveesr,, pneumati c
their application in passenger cars and ext
acteristics, model &8 Tahnedr e @ @ me tneor i @xap @ roin
i denti f iomadtuicdaredi. s lastead, available tire
searched and applied for the investigation.

6.1 Mo dlei ng

The Short Wavelength Intermediate Frequency
tion of the i mprovemerets.pdtt-entseat edimihhpu e U ma
up to frequencies of 80 Hz, -bwhiyc hvi daorarte spmesn
ered in this work, afldhleowowdV eduemadidos iasf d
pi ctfkidg@Ine The main diffexcomdpactinot amosdienp lies s
sion of the tire into contact patch and bel
contact patchwitthhdttihvesn g ms c ofdu@ets an addi ti c

The belt mass isficoamchewheael toi mhei dotdlye si d
ing and to the contact patch through a resi

eqgusalt hat of the simple model without consic
tions are der®fWVhids frreosru IPtasceijrkathe f ol |l owi ng
mas s :
a ¢ 7 Gine Ohen O (6.1)
The involved elastic and damping f dngas eact
45are now calcul ated dependent on the belt
Oifr ®  QrR @ (6.2)

82 Cf. Pacejka, H. B.; Besseknl.: Tire and vehicle dynamics (2012).-; b: pp. 412 ff.; c: pp. 454 ff.; d:
83 Cf. Gipser, M.: FTirg2007).

84 Cf. Oertel, C.; Fandre, A.: Reifenmodell RM@D(2001).

85 Cf. Schmeitz, A.J.C.: Diss., Sefiimpirical Pneumatic Tyre Model (2004).
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6Pneumatic Tires

O Q@ GRR @ § (6.3)
The f@rcoef the residual spring between belt ar
a t-biddr pd8%tynomi al
O o QYa 5 QYA oy QYa oy Q  Ya i (6.4)
z
y. ‘ . . Rigid ring (6 DOF)

Sidewall stiffness

Rim W & damping

*
Residual
stiffness &

damping Effective road plane

y * -
4
A

Slip model

Contact patch mass

Figure6-1: Basic SWIFT model configatiorf®

The deflection of the residual sprinda  ; is defined as follows:

Ya v & 5 & (6.5)
The constant parameters in equaiieéd) are calculated based on the belt stiffness:
~ ., O
. @ N Ay
Q - o) (6.6)
W N R
+~ ., O
o N
Q S (6.7)
® N AT
” ., O
W nNn T
Q (6.8)
~ ., O
W n ry-

The model parametersof a 205/60R15 91V tire, whichwould be suitable for the
MORPHEUS prototype concerning the maximum wheel load, at an inflation pressure of
2.2 bar are given by PacejR4The model was validated in the work of Schmeitz on a tire
test stand by driving over obligisteps with different inclinations and at different velocities

86 Schmeitz, A.J.C.: Diss., Sefimpirical Pneumatic Tyre Model (2004). 45.
87 Pacejka, H. B.; Besselink, I.: Tire and vehicle dynamics (2Qqf2)629 ff.
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6. E2val uati o

and static vertical loads. The results showed that the model is valid for frequencies up to
100Hz 88

6.2Eval uati on

Based on the described model, the pdotertoil &l
i nsgubchapgtierst, the acceptable driving surfa
of wheel | oad variations on the horizont al
the tire concepts is comfdutch e ddAfsfofrfeorae riahded .esr
tire, the disturbances through tire defl ect
evaluated. The tilt resulting from wheel | ©

to 0.63A, whimhacoelresptoinadrs a¢fo &. 11 m/s| ( h.

6.21 Acceptable Driving Surface Qualit.)\

The acceptable driving surface qualsup-is d
cha@Bt.dr det ai |l ed tdhaeppblt i p & tnoeatnhoobdfo | tolgey i s gi v
sol i d ti4edTihte sescstuilam Fargé& grAecsceamtdead@.4iom

t he shown val wegs owfg htnhees sa cccoeepftfabcli ent corr e
depth gaugefarnmdeamvme®@nm O Olength of 4 m. Redu
prove the vertical dynamic behavior by at |

f—
<
W
r k3
T TTTTT.

._.
S
N

107 ! ! ! '
0.5 0.6 0.7 0.8 0.9 1
Scaling Factor
’ —»— Tolerated Exceedings of Acceleration Threshold: 50% —&—10% 0%

Acceptable Roughness Coefficient
of Driving Surface Excitation in cm?

Figure6-2: Acceptable driving surface qualities f@tire-sprung system witbneumatidiresin de-
pendenc@®n acceleration scaling factor and allowed exceeglifiggerceptiorthreshold The quality
was determined with the model from subchapté& in an urban driving scenario by iteratively re-
ducing the surface roughness until the total vibration value (se2#o0B is below the perception
threshold.

8 Cf. Schmeitz, A.J.C Diss., SemEmpirical Pneumatic Tyre Model (2004)p. 208 ff.
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6Pneumatic Tires

Compared to sol iar tiimperso v eamhermots ti sn or eccloegni z ab|l
ceedoicrcgurafens@ %, t he s o@uddmn Aidi)r ea c(hSiceavl e sn gs 10i. grh
hi gher acceptabl e roughness coeffiT@lent s t ha

pmAi). 1 f no exceeding of the acceleration thr
ing Wym Al) i sntadgewaous compared too®Dhe sol i
pm Al) .

Nevertheless, the deviations are within the wu
performance concerning the vertical dynami cs

i rewtigate@d. 2n3section

6.22 | mpact of Wheel Load Variations

Hereinafter, the disturbances of the-desired
induced wheel |l oad variations adescnvbetdi fare
the solid 4t idr.i e imorsiezantoaml fboretmedphre@mabmet t
adapted accofThreegs utlot iPnagcachyekbas.lFo a8 (ienfs. e qu a -

ti @9, perceptionThkeresahokd: atg | ower than for

for this is the higher slip stiffnessa of the

reduced tire force. Due to the ideal control |
Thus, the wheel i's accelerated unti |l the forc
| ower the slip stiffness, thefomoce andet hesr ake

the deviation between desired and acting forc
the perception threshold for thé. 4aMme reasons

-3
3 X 10 | | T
= | —*— 50%-Quantile —&— 90%-Quantile Maximum |
S 20
i
S 1F N
= 1
0 % —H— &7 —y—% —
0 1 2 3 4 5 6 7

Reference Acceleration Magnitude in m/s?

Figure6-3: Disturbance of horizontal reference acceleration through wheel load variations by means
of Weber ratio (cf. equatiof8.5), perception threshold: 1). Determined from wheel load variations
on acceptabldriving surface from sectiof.2.1with isolated horizontal tire model (cf. subchapter
3.5 and different input moments corresponding to the shown reference acceleration.

6.23 Compari son of Tire Concepts

Tk comparison between both tire concepts is ¢c
tion. Thevefi gdhgeuwe PcSYD spectra of both tires wi
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6. CGBoncl usi

(O |

(roughness coefficient 0.036 mmj FigéGaeept abl

The reason for the al most equal acceptabl
damping in combination with the dominant

e
i

hi gh natural freqdentygy ohctbhasedl|l pdwerseat

i mpact is KBmal9%99 %tofiL2t he overall power wi

t

i's reached for the solid tire. For the pneu
Therefohey daephing of the solid tire compen

ers at high frequencies and the wider mai
power .

107 F Solid Tire .
L Pneumatic Tire

PSD of Acceleration
in (m/s?)*Hz

10-10 _ -

T | L L i I S R T |
107! 10° 10! 10
Frequency in Hz

Figure 6-4: Comparison of vertidafrequencyweighedacceleration PSD between solid and pneu-
matic tiredetermined with the models from subchapteBsand6.1in an urban driving scenario on
the acceptable driving surface quality of Bolid tire determined in sectidm.1

6.3Concl usi on

The improvement resulting from the application of pneumatic tires is marginal. The deter-
mined acceptable driving surface qualities are still far below the desired valuegétion s
2.5.2 Nevertheless, the working hypothesis is further adagtedrding to the results of a
scaling factor of 0.7 and no exceeding of the perception threshold (cf. subch8ped
section3.4.1):

A driving surface with a roughness coefficient of 0.047 mm3 is required for the ap|
tion of WMDS without deterioration of the immersion of the subject.

The next step is the investtpgeaealodyoamitadoe
which iIis intreguoed sygsbemhe tire
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/fHexapod Vertical @Aywmami cs
TISrung System

7.1Met hodol ogy

Theevel opment gsnedo Wwhidgothrogglyi n st , systen -architec

oped including the main components and the 1in
by the development of a | inear model descript
thorough synthesis of the controldlagre.d ™Whd hasc
a nionnelar mul ti Bottgenmpoeakt | vy, based on this mode

by determining the acceptable driving surface
of the uncormtdrdoltliteomheasyeyq winree meenx asp odh dar e det e
dependent on the quality of the driving surfa
devel opment steps areubebapitbed in the respec

SystemArchitectures
3
Linear SystenModelling
3

[ ]
[ )
( Controller Synthesis )
( NonIinearSst'temModeIIing )
| c )
[ ]

Validationof Control System
¥

Evaluation

Figure7-1: Methodology 6the hexapod vertical dynamics contagvelopment

7.2System Architecture Devel op me

Theonsi derations concerning the initial syste
mand varifadl leswibmdgwaehreee rc o ntdhuec tneads ti&eebbbkbdi s of
Theonsysektem architectures were initially deve

by the aut hboyr tohfe twhaissh owotr ka nad fteheed cfoor™®w anrad i coonn

Tha&i m of the system architasctblire cdacelpapmdé otr i
system architecture, including output variabl
| ated variables. The appliedFidg®2é opment met h

89 Cf. Supervised Theses: Seebold, LMaster ThesidNr. 615/16, 2016pp. 23 ff.
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7.2ystem Architectur e

I nitially, apnplaneadl yhseixsa poofd tihse caonducted to

and inTeefaespective informa2.i®&Bubbdeqgqsemmby
based on the initial system aonéthitthectedfecor
from the driving surface excitation to the
potential variables that can be applied for
bl e control system architectures are derive

o - - - - - - - - - - - - - - - - - - - - - - - - - - - ——————

{ Hexapo dAnaIysisJ { Analysisof Initial SystemArchitectureand J

: ‘.
E Effect Chain g z i |
’ i 225
! Definition of Output, Control, CommanandManipulatedVvariables ] -g 3 g !
I * D E 1
' Derivationof Control SystemArchitectures ) 2%
( Linear SystenModelling ]

Figure7-2: Methodology of system architecture development

721 I niti al System Architecture and Ef

An overview of the initFabDI g Jthetmianpe hti h e cd
ing surfaoceppacgci hgtoonnshe three tires with
The driving surface excitations are transm
pl ate (HBP).

Perceivedisturbances !
T

Subject

Transmission Path

-

Hexapod
HexapodTop Plate (HTP)

HexapodActuator System

Driving SurfaceExcitationsd  p,

=» RoadExcitations =» HexapodExcitations|

Figure7-3: Initial system arhitecture and effect chaffi

% According to: Seebold, L. A.: Masterthesis, Hexapod RegeMRDS (2016).p. 25.
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7THexapod Vertical D ySwparmu ncgs  yosntt er no | and Tire

The | inear actuators partly transmit these 05S:
their rotational inertia, emndditfonhél mpt bhe
of the motors &d) udhtad ttthe tsenrqwal ues for the
external hexapod control I's active and the se
pletely transmitted to the hexapod top plate
furthemi ssaon components, e.g. the seat.

The hexapod wigt @angt g iinnpuHitesvredred vehicle fr ame
ing the transl abijomh@ly; hdompaneéntrsdot aitn pwtas

7T s he 5,7 s also induces oscillations into t
surface excitamaonpubapei agtiraeg cttd blines beedimsvii dbar ¢
ing the contr oédrleesruddtevnégl ap memts. oTht he hexapod
the excitations induced by the driving surfac
turbance of the subject. From the shown compo
abl es edwnc ébcke. d

722 Out put Vari abl es

First, the relevant output wvariabl etshatre defi
can be percei,vewhibogh thav e ulbg et idn tIrhed Wad dviinmg
surface umewtelnywestsi dul ates mainly the transl at

tion and the rotational mo vARsnedit Sc ms @ di n hee
3.4h& horizontal, transl| amaiomiamu | eatnédd r yeacw | mo v ¢
through dynamicaldebhpetel bhd ekRangesi ons resu
tiondHowever, this is only possible if horizor

ot herwise there are no wheebefoookd, atvhech. al
t hpeerception thresholds are higher because t he
ances I f a refernecoeg ds inigmulauwdNd iv ® mdcstliemhg e n

to davhiitting the Iimits of the manipul ated var
variables. Therefore, the following output va
T Vertical accelgeration of subject
T Roll accelerationeahd velocity of subject

T Pitch accelerationin ahd velocity of subject

The ai mexfapioohleverticals dyndamilds themrster vlar i abl e
acting disturbances.

723 Control/ Command Vari abl es

The aim of this section c¢centhaldetanebenpppl v
control the output variables defined above. T
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7.2ystem Architectur e

T Which quantities have to be measured?
T Where araenmttiid e measur ed?

Possible quantities that allow conclusions
the effect chain and the respective derivat
driving surface, whmocvhe nteannt .b eT oi natveori pdr eptheads ec
tegrations, it is desired to apply the acce
This is wel/l feasi ble for the transl ational
measuremetn) . une ek®Meption is the driving
duces no real movement, so that only a pos
movements are also measured by most | MUs, h
i s acicrepfteedor of higher practicability.

Al ternatively, the forces that generate t he
control. However, forces either require a f
a | oad cell, drta thedel miserehai ferce from
vantage in the force determination that cou
determination is neglected as input wvariabl
T Transl atitin@ams accel er a

T Rotati onal vel ocities

T Driving surface profile on position | eve
The next step is the determination of the j
The position of the driving surface measur e
an epoeonp contr ol based on an inverse model

surface and subject.

The accelerations can be measured at every
FiguBe The direcof mehesursamgtrestc t womd vde mee a

cl oksedp control with the output variabl e as
of the subject movements is not feasible, f
could cause sarmurddaadictei.oHelncaeai, the influence

gl ected and the subject movements are set e

An alternative measurement point is the HBF
ative input fotri ameofdetshe eldlexaamxed eowhicomtwm
of the output wvariabl es. Both points are al
The transmission path along the frame iIs a
to bdeadjtwos t he modal order. The | owest ei g
HBP, so that no additional information coul

Measurement at the tires would requihree a m
necessary hexapod movements for a compensat
would be a slightly earlier i1 nformation abc
i's negligible because the natabalvef B@quiency
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7THepad Vertical Dy n aSwpircusn gC oSnytsrtoelm and Ti r e

t hat o-bothiae st isryestem, which has to be controlll
vantage does not justify the inaccuracies r1 e:¢
step is the generation tohhesgdtemamtricthi ¢e®ctur e

724 System Architectures

The variables determined above generally allow three independent system architectures,
which have already been mentioned:

1 Closedloop control of HTP translationand rotationahccelerations and rotational
velocities (CLC)

T Openrl oop control wi t h c¢compenandtotatonabcof t he H
celerations and rotational velocities (OLC)

1 Openloop control with preview of the driving surface unevenness and an inverse
model of the transmission path (FFC)

The peformance of the last variant strongly depends on the model validity and the accuracy
of the measurement of the driving surface profile. A combination with one of the other ap-
proaches would compensate these inaccuracies. Therefore, the third agprddble im-
plemented into the other system architectures as aféeedrd control (FFC) for the com-
pensation of reaction times, which result e.g. from the inverse kinematic calculations of the
hexapodHowever, the measurement accuracy of investigated séhsagaires a signal to
noiseratio (equivalent talriving surface excitation power) that is above the acceptable driv-
ing surface qualities determined in this work. Therefore, the concept is not investigated fur-
ther but future improvements in sensor technplagd signal processing could raise the
potential of the approach.

Yet, only translational accelerations and rotational velocities are controlled. Measurement
inaccuracies or high slopes of the driving surface would lead to a drift of the hexapod to the
limits of its range of motioriTherefore, an overlaid washastrequired, which returns the
hexapod back to its initial position. It generates low accelerations, 7, below

the perception thresholds and adds thertihe input values for the control. The summation

has to be conducted before the controller because otherwise it would act like a disturbance
in the control loop. In that case, it would be compensated by the controller.

Additional to the set values tfe acceleration control, the hexapod receives inputs j

T &, * p fromotherfunctions. For example, the tilt coordination for the simulation

of low-frequent accelerationslescribed in sectior2.3.1 has to be consideredlhe
closedloop controlle is focused on the reduction of disturbances from the driving surface
and, thus, could impede the command response to these inputs. In order to compensate this
negative influence of the controller, a gileer could be required.

91 Cf. Zoller, C. et al.: Preview Driving Surface Unevenness in WMDS (2018).
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7.2ystem Architectur e

The resulariochgi tseycsttuerreodmrc @ mter @ll ofsi@ddieAd) e i s s |
The manipul ated variables are the hexapod |
be pgdikengt hs, which would havednoti athadntkaage:
cal cul ationdewetbhpedt paTbebifnphtes skpettelme he
ant 5 have to be dkeévekddimebhhel eoneference
formati on oft s hfer ccro nttfirrecal h e wighueammdeHhies Vr e qui r e
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Figure7-4: Closedloop control system architecture
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Figure7-5: Openloop control system architeee
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The system archiltoopt croemtfrod (PECHEPed tdepi at e

simple approach because no speci al controller
guantities are |j usthet hleo weerg ahteixvaep ondo vpel naetnet.s Aasts
ator dynamics, this would | ead to a complete

has to be tested how-itdlecaalamppErntawadhmh rwaryksa mwictsh

73Li near System Modelling

The followingsubchapteaims at the development of a linear model for the controller syn-
thesis. From the system architecturd-igure 7-4, two necessary main components of the
model can be identified:

1 HexapodActuator
1 Mechanical vertical vibration system
731 Hex aphcdt uat or Model

The hexapogctuator modetiescribed in this sectiomas developed in the master thesis of
Mehren andhe parameterization wasljusted by the auth8f The basic structure of the
hexapod actuator is shownFHgure7-6.

fufufc]s

InverseKinematics

® §

=y
=2

solweuiq
Joren)oy

solwreuAQ
loyenioy
solwreuAQ

solwreuAQ
lojenioy
solwreuAQ
loyenioy
solwreuiQq
Joyrenoy

Direct Kinematics

© F W F @ 5 o 5 T m T

Figure7-6: Hexapod actuator structut®

92 Cf. Supervised Thesebtehren, M, Master ThesidNr. 643/17 2017, pp. 24 ff.

93 According toSupervised Thesesehren, M, Master Thesidr. 643/17 2017, a: p. 30; b: p. 24; c: p. 26; d:
p. 26; e: p. 28.
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7.3 near System M

The input values are the set translational and rotational positions of the hexapod as described
in the overall system architecture. These values anplsd and held at the input of the
hexapod. Afterwards, the positions are converted to the corresponding pod lgpgths

by an inverse kinematic calculation.

The latency resulting from that calculation and other internal filters is modelledeasia d
time element at the output of the inverse kinematics. Afterwards, a model of the linear actu-
ators translates the set lengths to the acting ledgihs;. These are retransformed to the
hexapod positions by a direct kinematic description. Theesysan be characterized as a
multiple-input multipleoutput system (MIMO). The modeling of the mentioned components

is described in the following sections.

7311 Model | i ng of Actuator Dynamics

The aim of modeling the actuator is to establish a behavior thatdkse as possible to a

real hexapod. Therefore, the internal controllers are designed according to literature meth-
odologies and based on available datasffegtglditionally, the known behavior of hexa-
pods, which has been determined in measurementdyeniicluded in the modeling.

The first step in the description of the actuator dynamics is to model the internal control
architecture. According t&chrodey the control of a brushless DC motor is done with a
cascade contrdf? The applied cascade consisif a position control, an angular velocity

( ) control, and a currentd) control, as shown ifigure7-7. This controller acts on the
controlled system, which consists of the electric motor components and the rotational dy-
namics of the actuator. The shown limitagasf the manipulated variables are not applied

in the linear model but in the nonlinear model.

Rot. Vel.
Control

Figure7-7: Structure of actuator dynamics moéél

The next steis to design the shown controllers. The controllers are designed from the in-
nermost cascade, the current controller, to the outermost. The respective inner control cir-
cuits are designed independently from the surrounding ones. Afterwards, the ovetlaid con
circuits are designed based on the inner ones.

94 Cf. Exlar Automation: Exlar GSM (2014).

% Cf. Schroder, D.: Regelung von Antriebssystemen (2045). 262; b: pp. 449; c: pp. 26265; d: pp.
46-60.
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7THexapod Vertical D ySparmu ncgs Syosntterno |l and Tire
Current Control Loop
The current control circuit consists of the following components:
1 Electric Power Converter
9 Electric Motor
1 Current Sensor
1 Current Controller
The electric energy converter as well as turrent sensor are modelled as PT1 elements
with the time constants¢, and”Y; .°® The dynamics of the electric motor in the La-
place space with the voltage as input and the curref®, as output result from the
resistancéY and the inductanade :
ﬂu 4 p ﬂ‘-" r ﬂ‘." r
[ —— Y I Y | 7.1
O Y Ui (7.1)
The induck¥ed svalotmpeensat edf bywandi coetnal fheddi
negl &%Ttheed .current controller is implemented a
deviations despite disturbances . FiTghtd& er esul t i n

PI
Controller

Figure7-8: Current control loog*

The PI controller is designed according to the magnitude optimum m&tidee time con-

stant of the matr is dominant compared to that of the current sensor and the converter.
Following from that, a compensation of the motor time constant is aspired. The resulting
control law is formulated as follows:

. , p Y Oi
floey - 7.2
The gain is defined dependent on the summed time constants of the power eledtronics
YooY “Yi (7.3)
This results in the ftowing transfer function of the current control loop:
" i N
0l e M L P (7.4
G U CYiYy 0op ™ T op P

The time constarg™Y is dominant compared to that of the sensor and the converter. Hence,
for the controller synthesis, this equation is simplified by the following transfer function:

P

m (7.5)

fl "Oﬁ
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7.3 near System M

In the nonlinear model, the extended descripfiof) will be applied. Based on this current
controller, the rotational velocity controller is designed.

Rotational Velocity Control Loop

The control loop for the rotatnal actuator velocity, which transforms the set angular veloc-
ityl] j totheacting j is shown inFigure7-9. To avoid stationary deviations due to
load torque® , a Pl controller is applied. The constddtdescribes the correspondence
between motor current and outgotque.The motor torque is reduced by the efficiency
factor for the transformation from rotational to translational veloeity, whereas the load
torque is reduced by the factor for translational to rotational transformationrhe differ-

ernce betweeroth torquess converted to a rotational acceleration by the mass moment of
inertiab ; , which is reduced to the output of the motor and includes the rotational inertia
of the actuator and the mass on the hexapod top plate.

Current
Control
Loop

Pl
Control

Figure7-9: Rotational velocity control loaf

The two | el ements of the controller and t|
0f180A. Togetolneda pehji t whit bk is induced by the
would result in an unstable system. Therefc
heave the phase at a frequency | ower than t
Pi Q7Y .
The symmetric optimum methodol ogy, which is
for the desi g®Acocfortdniengc otnot rtonlilse rmet hod, t he
dependent on the ti#fme constant increase fac

o~ U { p ¢Y-d

"0 « _ _ 7.6

"l Tov -0 | (76)

To achieve the best compromise between a hi
dynamics, the timeicsosetadt tomeshéigbetr ohek

syst-em)®PThis results in the folldlwomg trans
o Y -4
v bt Y p (7.7)
" 5 i gy 00 1Y 00 (¢YO p

9% Cf. Schroder, D.: Regelung von Antriebssystemen (20a5pp. 6674; b: p. 66
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The zero of this transfercdmmxiedaoni basoh hbkgal
Hence , fid"Ogrries descgmpdnsate the-lo®po woft hbbeée
affecting the dynamics of the disturbance com

___P
¢Y-d op
The respective parameter values are derived from thengatasf the actuators.

o ¢ i (7.8

Position Controller

The position control loop is shown kigure7-10. The components are the controller, the
rotational velocity control loop with the pfdter, and the transformations of the rotation to
atranslation by the slope of the screw spinlle.

— Control
< Loop

Figure7-10: Position control loo§*

A P controller is sufficient for the position
trolled lyyntghéeé oompder Measurements of the real
no overshoot océlhserefhopesithencbevebl !l er gai
until the step response of the actuatiocorn dynami

control lwer pgpai n of
Overall Actuator Dynamics

The resulting system dynamics of the actuator are described with the following transfer func-
tion:

by i W

by @ Ygy—-i 1Y-0 ¢Ysd O w

This transfer behavior is dependent on the following three characteristics:

O i (7.9

1 Gain of the position controllab
1 Zero of the rotational velocity controller defined by time constant factor
9 Time constantY

The time constarnity is derived from the known limit frequency of the current controller
(1.1 kHz) to 0.45 ms. Ther time of the overall control loop amounts to 18 ms.

97 Cf. Exlar Automation: Exlar GSM (2014).
9 Cf. KassensA.: Bachelorthesis, Modellbildung Hexapod MORPHEUS (2046}. 45; b-.
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7312 Kinematics and MI MO behavior

Until now, the dynamics of one single actuator were described. However, six actuators have
to be controlled in a hexapod. The correspondence between the six actuators has a possible
influence on the controller synthesis. Whether this influence has to bel@@uswill be
analyzed in the following.

The system structure is shownrFigure7-6. The input values of the respective actuators are
transformed from the set positions of the hexapod by an inverse kinematic. After these set
values are transferred to the acting values by the actuator dynamics, the calculation of the
direct kinematic results in the acting positions of the hexapod. In a linear system, an ex-
change of these elements is possible.

Nevertheless, the kinematic calcutets are nonlinear due to cosine and sine transfor-
mations. A linearization around the operation point is required for this step. If the operation
points of inverse and direct kinematic are the same, the inverse and the direct kinematic
element can be sup@&sed, which results in a unity matrix. This would allow an independent
synthesis of the controllers for the respective degrees of freedom.

However, it has to be kept in mind that the operation point of the inverse kinematic is defined
by the set values dhe hexapod, but the direct kinematic operation point is given by the
acting values. To estimate the influence of this difference, an operation point difference is
applied to the direct kinematics and the result of the matrix multiplication of inverse and
direct kinematic is analyzed. The maximum difference between set and acting values deter-
mined in measurements amounts tav@&°® This difference results in a maximum devia-

tion of the matrix coefficients fronhé unity matrix of 0.01.

Therefore, it is stated that the kinematics can be neglected for the controller synthesis and
an independent design of the respective degrees of freedom is possible. Hence, the actuator
transfer function describes the following mations:

“@ﬁi‘ﬁikﬂTﬁi
o 5 i - A

o i (71D

The assumptions made in thgsction will be validated with the nonlinear model, which
includes the kinematics.

7313 Dead Ti me

According to statements oRextxhet hexmgoll mame
ically have dead t i°™&% wnhfi ceahp prrad xil ga tr eelsy | 1t Gs
and trapkecubatyi ons. However, this vafue va

% Swart, R. d.: Expert InterviewBosch Dead Timef017).
100 Cf. Mehren, M.: Masterthesis, Hexapod Vertikaldynamikregelung (2017), p. 83.
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Dead times have a strong influence on the stal
contdevieéopment, the dead time is set to 20 m
siso enable the -apmpdpsadahoovedmepoheds in the
devel op meapppd ® x i nmidtrideenr dfs applied toafm®frenul at
functo bar the dead time behavior.

732 Vertical Vibration System Model

The vertical vi brBt goehksybaseddmodet hdat ofmor t h
of tertuinge syst smbdddp2 Ebedthe i nvestigation
contr ol a division bddtHB®en hexapaodHdTWPgipt qrh ap le:
introduced and the forces generatedF Flny the he
the controlledstsgnthesi bephtaitnedarl . sdleltiemreard rniezde d ni
the consdamdundltutee static deflection at a wh
forces are described as a fawmction of the dri

O
Chre Q a5 @ R (71 p
The required motions of tH#BP at the wheel positionsd j ; are calculate@ccording

to equationg4.11) to (4.13). The forces and torques between the hexapod and the HBP have
to be equal to the product of the accelerations of the top plate and it§ mas®spectively

® & 5 A FF (71}

¢
5¢

mass moment of artia around the center of gravily

L R (7.1 B
C) h U R hd (71 ﬂ
0 5 O 7 (715

The motions at the HTP are equal to the superposed motions of the HBP and the Hexapod:

o o O i (71 %
. . - 71y
T T T & (7.1 B

Next, the force and torque equilibriums for the HBP are formukiteilar to equation&s.6)

to (4.8) under consideration of the hexapod forces and monsmtshe HBP motion is
substitutedoy the aforementioned equations. After a transformation into the Laplace space,
the output accelerations are calculated dependent on the input quantities, namely the driving
surface excitatioa  and the hexapod motioas ,» ,{ . The DoFs are decoupled.

By setting one of the respective input values zero, the transfer function for the other is cal-
culated. Setting the hexapod motions to zero results in the disturbaneebé@bB):
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fley : ¢
O j I - - — — = 7.1
" o i a a i0 Qi ow (713
fl ¥ "~ ! ,y
. . Ao Cw Qi JHO
O 7 . o .~ (729
a 1 ¢L U i6 Q/b w/b
flo ﬂT h [ ME(I) Qi JHO
0 5 i - : —— (72 1
« UL U  i6 QB w/b

Q
5
5

19 i

Figure7-11: Vertical vibration system model

O 7 ih Ok r)in Ok 7Hnn

For this step, the driving gace excitations at the respective wheels are adjusted so that
isolated excitations of the DoFs are achieved. Secondly, setting the driving surface excita-
tions to zero leads to the manipulation reaction behavior (MRB):

R & i oQi od i

ﬂn r e
O - - — : 7.2
" Ta f i o] o i0 dQi ow (72 7
” R P ¢ i Qi & Jbio
O 4 i - - : : ———— (72 B
* n | L ; U i0 Q/b w/b
il , ’ ot ) r Il ror
. i GL I bQI w 10
o & i TI h___ n - (72 %
T A L ¢U0 . 0  i0 BQI &

The overall motions at the HTP are equal to the sum of MRB output and DB output.

74Contr &yhehesi s

The next step is the controller synthesis for the developed system architectures. The meth-
odology for thissubchapters depicted inFigure7-12. Prior to the controller synthesis, an
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evaluation quantity is defined, whichapplied for the parameter optimization and the eval-
uation of the controller performance. Based on the developed linear model, a system analysis
is conducted to be able to derive a suitable controller law for the CLC. Subsequently, a pa-
rameterization othe controller law is possibl&ased on this controller, the command be-
havior is analyzed and, if necessary, the design of -dilfmeis conductedAs described

above, the OLC approach has no cotgralo be designed. However, a systenalysis is
conducted for an insight intds behavior and the comparison to the CLC. The last step is
the comparison of the system architecture approaches based on the linear model for a first
estimation of the differences in their performance.

( Linear System Model )
( [ System Analysis] [ Definition of ] System Analysis N
! without control EvaluationQuantity with OLC ) Q :
! ¥ S 5!
i [ Derivationof Controller Ilaw CLC ]v = g_’i
! Parameterizationf CLC 2 @
. [ Washout [ ¥ 2 ]v v v E
\\__Design J[_PreFilter Design J(__LinearEvaluationof Controllers ] J
( NonlinearSystemModelling )

Figure7-12. Methodology of controller synthesis

741 Eval udtairmamétoer Li near Anal ysi s

I n order to assess and compare different cont
the outputd gcicel eglmtioocmder to receive the out
the disturbanc®@ ptransfiesr mufi n ddpd emeeds pwintdhs 1t/o t
description of the dr i (24nTgh e ug & i iew fie xtghi et @t fi @ ¢ ¢
excitation is set to one because only relati ve
acceleration VheuevpRBuameaedede vaalnga take into a
freqguemeyndent human. mohaicsh hiewedc byt appl yi ng a
ception frequen@ yacweoirgdhinngg .t#floioPsttedtrépiudn accel er a
ti¥¥aAhese considerati owseighed|l butput haecétekquan
4 fFp Q -0 QEQO FQ (725
The r. m. s. ewfe i tghhee df roaud pautcyaccel eration is <ca

quency range for whoRemydidn® vithtd’%Qti ons bet wee

101 Cf. ISO: ISO 26311 - Mechanical Vibration (1997).
102y/DI, Verein Deutscher Inggeure: VDI 2057 GanzkdrpeiSchwingungen (2017), p. 11.
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@ k o§ e A4 R R QQQ (7.2 b

The relative attenuatidn between controlled and uncontrolled systhatis applied in the
optimization of the controller parameterization and tedweationis determined as follows:

d -~
y ——~ h hh (7.2 ¥

742 Controll er ChbypmeledemsiASr chiCtLegct ur e (

7421 System Anal ysi s

The control loop sticture of the decoupled2oF, which is derived from the system archi-
tecture inFigure7-4 and the actuator structure kigure 7-6, is shown inFigure 7-13. It
contains the transféunctions, which have been formulated in $leetions/.3.1.1and7.3.2

as well as the control law, the Washout transfer functio® , and the prdilter transfer
function for the adjustment of the command respd@sg . The control loops for the piteh
and roltDoFs are identical. Due to the similar system behavior of the three DoFsnthe ¢
troller synthesis is exemplary conducted for tHeaF. From this control loop structure, the
disturbance transfer functio® is derived:

ﬂy 4
a p 1 P
fley . - 1 ley .
O f Ta i th ™o 5 &

<

(7.2 B

With the opeHroop transfer function (OLTF)"O
the hexapodkxcited acceleration of the top plate

i describing the relation between
and the control error:

¢ 5¢

. a & Pt finy flom fie
fl L. flyy fl fl fl
@] iR 3 = H') "0 "O"0O (72 9

Figure7-13: Controkoop structure CLCexemplarily forz-DoF.

The Washout is neglected for the first anal
of the system influences. The dynamics of
frequenciesanflsasentckaonndo he controller devel o
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will be provemhencoherebhl edasypnpnhhesi s is cond
the disturbance | oop. The first step i s the d
aspired control ai@s .; Wirt,hotute aa ccooenlterodtliean (o1
pod top plate results oMy Whioenhth@nnmotstme bafm
the controll er. For a rreatuicdan so,n toHe tfheee ddbi asctku
™ v rhas to be as small as possibl éQrespeci al
is | arge (natur al frequency of the vibration
peaks sheatedbbébycthe controll er. From these ¢

cations for the OLTF can be derived:

1 The magnitude of the OLTF should be as high as possible, especially in the range of
the natural frequency of the vibration system.

1 The phase andain margins of the system must be as high as possible to avoid the
insertion of new peaks into the disturbance transfer function.

For the derivation of a controller law suitable to attain these specifications, the OLTF is
analyzed for a proportional cootier with gain one{ p). The corresponding Bode plot
is shownon the left side oFigure7-14 as blue curve.

Solid Tire Pneumatic Tire

20| 40 | -
= Pole of MRB CLC K=1
= 107 20| ——CLCLCR
0 CLC LCI
o] 0 Frmm o A
2
2010 f VAN 3 =
= - Zero of MRB o

10 10
Frequency in Hz Frequency in Hz

Figure7-14: Bode plotof openrloop transfer functioQOLTF) of closeal-loop system architecturEf.
Figure 7-4) determined with linear model from subchapie3. Comparison between proportional
controller with gain 1robustiead compensator control (R} and ideal lead gopensator (LCL)

The first specification i s armariapgwl ameildg frud &a
behaWRSrr ansf etOfruarfc. BBz onHodvee etro t he high gr ol
resulting from the plhhabe hmadgiimei pigsl en eogfa -t h e
tive, which i ndi cAadtdei st jaonh bBuenlsftoal bl |l oewisnygs tzeemi o o f
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to a magrirtade at higher frequenciiegen-whi ct

ergapeaks in the feedback function, which re
trolled system. A further iIincrease @afm-the g
plitude at the natural frequency of the vib

t hgeai n .mar gin

7422 Deri vation of Controller Law

The dynamics of the controller have to address the mentioned margin problems by raising
the phase in the range thie pole of the MRB and at the same time reducing the amplitude

at higher frequencies. This task is typical for a lead compensator. The phase has to be raised
by placing zeroes of the controller at low frequencies. The resulting positive magnitude slope
has to be compensated by poles above the critical crossover frequencies.

The given system has the positive characteristic of a conjugate complex zero of the MRB,
which follows the pole directly &.5Hz. The compensation of this zero with the controller

pole has two advantages. First, no additional peak is generated by the controller pole, which
would lead to higher crossover frequencies. Second, the magnitudes above the crossover
frequency are reduced, which results in a higher gain margin. The conjogaéex pole

of the controller allows the implementation of a conjugate complex zero that raises the phase
by 180°. The disadvantage of decreasing magnitudes at low frequencies is bearable because
the disturbance magnitudes also decrease due to the deubktive behavior on accelera-

tion level Hence, a second order lead compensator is applied.

7423 Parameteri zation of Controller

The available parameters of the second order lead compensator are the conjugate complex
pole, the conjugate complex zero, and thetller gain. It has already been discussed that

the conjugate complex pole should compensate the zero of theWREver, an additional
problem is the robustness of the contraibevariations othe natural frequency. An increase

of the natural fregency shifts the phageeaving zero towards higher frequencies, while the

pole of the controller remains at the same position. Because of the highdglaygresult-

ing from the low damping of theontroller pole this couldyield a phase belowl180° and

thus, an unstable systeithereforealthough the pole should compensate the zero, its damp-

ing ratio is increased to 10.%he reduced group delays of the pole enable an increase of
the systems natural frequency by Hb without getting unstable (cf. semti7.4.4.)).

Concerning the conjugate complex zero, there are two demands:

1 It must be placed at a frequency so far below the natural frequencydistimbance
behavior(DB) that the amplitude of the OLTF is not affectednat frequency.

1 The phaseaising of the zero must be maximum at the relevant crossover frequencies
to achieve the maximum phase margin.
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Both demands are fulfilled if the zero is placed in the origin. No relevant disadvantages result
from that design becaesn this region thelosedloop transfer functios dominated by the
disturbance behavipwhich shows falling amplitudeswardslow frequencies.

The parameterization of the controller gain is subject to a-tvedeetween reducing the
amplitude of tle closedloop transfer functiorat the natural frequency of the disturbance
behavior(high amplitude of OLTF) and increasing peaks at higher frequencies (reducing
phase margin of OLTF). An additional requirement is a phase margin of at least 60° to
achieverobust stability:%®

In order to optimize this tradeoff, the evaluaterameteft defined in equatiol(7.27) is
applied. The gain is parameterized by minimizing this value while maintaining the stability
margin of 60°. The resuitg OLTF is shown ifrigure7-14 on the leftfor the robust control
design and the ideal design with full coemgation of the zero of the MRBr comparison

It is recognizable that the stated requirements, a high amplitude atiaingl fi@quency of
thedisturbance behavi@nd a high phasaargin of 80°, are achieveAlthough the ampli-

tude at the natural frequency and the gain margin is lower for the robust design, this is tol-
erable for the sake of improved robustness concertuntyétions of the natural frequency.

7424 Adaptions for Pneumatic Tires

The following differences between solid and p
tions of the controller synthesis described a
T The | ower natural fsreedgaemovehydr eguégqesntegsss

the zeros can be placed at higher frequenc
T The reduced damping of the pneumatic tire
of the magnitudes arTohunsd ctohud dn arteusrua It firne gau
ness. On the other hand, the i mpact of wea
the reduced i mpact of the rubber structur
rangenafuthe frequenlcgwéid uctuati on

T The bel't ei genpmalk iimtta otdhue e ®L TaF, which co

i ssues of the closed | oop i f an additional
I n order to investigate tthhkSa3\M Fas pnoaktdd-, ftrloen r €
chaptids | inearized to generate a |Theamregtescr i
of the model i's al rAsadfyorl itnteear s alnidd i tsi raed,o ptt lea

based on a propogaiimnlal Thentrreodudletri nwg tBhode pl o
on the rkigghhr4si de of

The belt eigenmode is not recognizable in the
troller synthesis. As lawecd eldi, gh hiemp actgeomr to

103 unze, J.: Regelungstechnik (201p)445.
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stability. Thus, one zero iIs placed in the
ceeding ofi8®d Aphase twf the pole of the MRB i
t he zer o iosf stthee¢ pMSBo mplaat on | ower frequenc
i n orderr ¢ busattchmesevye it i s not sufficient toc
pole but al so t he fTrheegrueefnocrye ,h atsh et od abnep i andga pot
iI's intoe&s&dand the natural frequency i S SeE€
gain is parameterized according to the met
second zero Iis a tradeoff between thzea-gain
tion is conducted with rdfqipectestud ttimg OLTIFS
on the rFggt¥rsomdet oéd robusantieadecbopcpahsabno
A high amplitude and phase margin above 80A

7425 Command Response

The previouly developed controller is focused on the reduction of disturbance vibrations
resulting from driving surface unevenness. However, the inputs from other functions as the
tilt coordination require a command response behavior that does not impede thesaduncti

in the relevant frequency rang&lthough the main function of the tilt coordination is the
simulation of lowfrequent accelerations (cf. secti®r8.]) it also has to represent hiffe-

quent angular accelerations resultingnfi the horizontal dynamics of the virtual vehicle.
These motions require a representable frequency range up t&% Hz.

In order to investigate if this requirement is fulfilled by the command behavior, the following
command response (CR) transfer funct®mlerived fromthe control loop architecture in
Figure7-13:

g 2o o+

ﬂ“O o X ﬂ"O S
T h ok 5
o g PO R

(7.3 D

With the prefilter transfer functior"O thatis applied to adjust the command behavior
independent of the disturbance behavidre resulting transfer function for the CLC con-
troller with no prefilter (""O ; ;  p) is shown inFigure7-15 as red curve. The original
command response behavior without a feedback loop is shown as blue curve for comparison.
It is recognizable that the developed disturbance controller significantly impedes the com-
mand behavior. This is mainly due to the zeros of the controller that nesidtreasing
magnitudes towards lower frequencies. The tilt coordination function with its low frequen-
cies is highly affected by this behavior. Thus, thefiter ""O  } is designed to compen-

sate the zeros of the controller. The two poles required for this compensation enable the
introduction of two additional zeros, which are applicable to mitigate the impact of the pole
of the manipulating reaction behavi(MRB). The resulting command response transfer

104 Adamski, D.: Simulation Fahrwerktechnik (201g).101.
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function is shown irFigure7-15 as yellow curve. It is recognizable that the compensation

of the zeros of the controllgtelds an ideal transfer behavior (0 dB) in the low freqyenc
range up to 7 Hz, which is sufficient for the simulation of vehicle dynamics with the hexa-
pod. The compensation of the pole of the MRB even leads to an improvement of the com-
mand response compared to the original uncontrolled system, which also soffetbéd
characteristics of the vibration system.

m 10} -
ho)
g
5 0 }
2
k= Uncontrolled
§°-10 - — CLC without PF -
CLC with PF
220 . S SR Ll . . |
107! 10° 10! 102

Frequency in Hz

Figure7-15: Command response transfen€tion determined with linear model from subchaptar
for original uncontrolled ystem, the closetbop architecture without priiter (CLC without PF)
and the CLC with préilter (CLC with PF).

743 System Aplep®iop ArchiOtL&ct ur e (

For the OLC, the input into the actuator is the negative bottom plate acceleration, which ca
be formulated dependent of the top plate acceleration:

x A i a i (731
This results in the control loop structure for the OLC showRigure 7-16. The actuator

feedback transfer functionOy, , which consists of the blocks bordered by dashed lines, is
calculated with the actuator dynami¢® and the dead time approximatioi® :

fl “O fl "O

floe o _ 7.3
Oh p ﬂno ﬂno ( 2

Inserting the transfer function of the actuator dynamics leads to:

fle ® O
Op ya— - o A A - (73 B
gy -i 1tTY-0 ¢YsO O w p MO

For a dead time of zero, the constant fraction of the denominator is omittethaman
integral behavior is induced. This leads to an optimal @nsation of lowfrequent excita-
tions. Theopenloop transfer function (OLTHpr the OLC is formulated as follows:

. P .

Q
= x
.Q..
¢
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The overall disturbance transfer function can be calculated accordingdiogkdloop ar-
chitecturen equation(7.28). The Bode plot of the OLTF is shownkigure7-17 for a dead
time of zero and a dead time of 20 ms.

Figure7-16: ControHoop structure OLC

Solid Tire Pneumatic Tire

— OLC with DT
— OLC without DT

Magnitude in dB

=
% -180
£ -180
=270 1
-270 : '
10’ 10’
Frequency in Hz Frequency in Hz

Figure 7-17: Bode plotof openloop transfer functiofOLTF) for openrloop system architecture
(OLC, cf. Figure7-5) determined with linear model from subchapted: Comparison betweetead
time of zero(without DT) anddead time of 20 m@vith DT).

It is recognzablethat the system is unstable for both tire types. The high group delay at the
natural frequency resulting from the low damping in combination with-behavior of the

control loop results in an exceeding of th80° phase limit. Even if no dead emwvould act

in the system, no stability could be achievBdmmarizing, the OLGn this form is not
suitable for the solely tirsprung systendue to the low damping of the tite&n improve-

ment is possible by implementing additional phase heaving elentectsmpensate the
phase reduction of the integral terkhowever, this would require a parameterization and,
hence, dissolve the greatest advantage of the OLC. Additionally, the nonlinear dependence
of the OLGOLTF from the actuator dynamics would impete parameterization.

75



7THexapod Vertical D ySwparmu ncgs  yosntt er no | and Tire

744 Controll er Robustness

The controller robustness is investigated con
tion system parameters and the variations of

7441 Vi brati on SystRew iPatriaanmes er

I n order he debesmnhnesstof the developed contr
eters natur al frequency and damping ratio of
| aw and parameteri zatifonm drhe mnaien tfaoaivaebdba HT h e
tertypegilr&s ntehgeartalvaet i ve att en2aYiino(pBl $-om equ:.
itivei vailacnesemprloy etmea t)demptemalelngr on t he par am
tions togethplrawethhathei 9diddBatoe $ gbaenhdakevti eorri.or at
Mi ssing values i nddamftieg uarahteinbsre abl essf et emhe
DoF aretbevapprengauirx@aaiBRi2gur-&. B. 2

I ST
710 dB Plane

0.05

Relative Attenuation in dB

Damping Ratio
3 4 = 0.1 Deviation

Natural Frequency Deviation in Hz

Figure7-18: Robustness of controller againstvéhtions of vibration parameteia solid (ST) and
pneumatic tire (PTn vertical DoF. Positive values (above 0 dB plane) indicate an imgment
by the controller. Determined with linear model from subchap®&by varying parameters of the
vibration system for a fixed control design and evaluating relative attenuation (cf. eqd&in

I't is recognizable that especially an increas
The reason for the reduction of the relative
|l ess dominant, resul ti ngeri nt haatr efduccuesds @ smparc tt |
ot he magni fuedgseatyt hFer the sodrial tfirreeq u etnhcey
by moreHthmestl s i n an unstable system due tc
pol e that i's kiognpehsagednai edamioiyp utl haet i znegr or ecafc
behaWMR®&r This is especially a problem because
natur al frequency of tFheg#4&ddaisd utrieea otbhifuastt nias |
natural frequency fluctuation of 4 THzuswoul d i
for a robust ,aononbl herpavameten identificat.i
tinuously adapt the contnololnedypgdrmandegtneams ct o f
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this adaption is suffi Rireobtabdgcauddhe tchetwe:
needs to be deactivated at a certain wear s
For alll ot her fvami atirensomes wmletairinsguifd g ,citeme
The same applies for the margin of 0.5 Hz f

7442 Dead Ti me Variations

The robustness of the developed controller
appl yi rsg dweardi du mes on a given system and c
given as the negative r2lyanhidB @poeinuiay € ona
an i mprovement by the comeracbhéerpl |l et genee
Il mpact up to dead times of 44 ms for the so

from the robust controll er desTihgen sweintshi ta vpt
solid tire toheevdieatiigonseadotnde (20 ms) i s
pneumatic tire, bdB with deddffemendevoat i
control performance is stildl achieivedt hdhe
appen8igur-8amri2gur-daBe 2si mil ar .
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Figure7-19: Robustness of controller againgivihtions of dead time for solid (ST) and pneumatic
tire (PT) in vertical DoF.Determined with linear model from subchapie® by varying dead time
for a fixed control design and evaluating relative attenuation (cf. equat).

745 Washout

The washoead tics kreeguitrhe hexapod in the middl

function itself does not require a washout
position resulting from driving surratchee une
acceleration determinati on, the control or

| arge wavelengths the hexapod could drift i
sources do not require a hnisghofdytnlaeni wa s rAa uw
maintain a sufficient margin to the percept
tion with other disturbances. Thupasd hfei wtas
with a |l ow natural fofeduéoncpvand dampscglt a
an increased effect on the human motion per
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The performance of t he cnognttrhoel |-ieeresqg ti esd cegvuat! puuatt
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bet ween damping the peak at the natural frequ
frequenci esspf dlept aggahd amailne apseeakwi t h t he i d
generating a more uniform dc.oulrhsee ionip atchte onia gtnh .
gener atf e quieggh exci tations is mitigated by th
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Figure7-20: Bode plot ofverticalfrequencyweighedoutput &celeration(cf. equation7.25)) com-
paring theideal and robust closddop control(CLC) approacheso the uncontrolled systerbeter-
mined with linear model from subchapi®B.

This is also evident in the summarized results for all DoFaivie7-1. Shown is the relative
attenuatiort from equation(7.27) of the two control approaches for the three Da-srder
to quantify the influence of the robust design that impedes the compensation of the zero of
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7. TSheoretical Va

the MRB, the robust and the ideal controller design are also comparednpéhet iof the
robust design on the attenuation is small especially in vertical direction, while it enables a
high fluctuation of the systems natural frequency without becoming unstalgl€CLC has

a higher attenuation in theoF than in the pitchand rdl-DoF. The reason for this is the
slightly higher natural frequency of each of the angular DoFs, which requires reduced gains
in order to maintain the stability margins. The OisQinstable for all tire types and DoFs

Summarizing from the linear consid¢ions, the CLC improves the vertical dynamic behav-
ior of the system. The next step is to validate this finding antlalternativenodel.

Table7-1: Relative attenuatioh (cf. equation(7.27)) of thecontrol approache®penloop system
architecture, OLC; closeldop system architecture, CL&)r solid (ST) and pneumatic (PT) tire

DoF ) : Y

Tire Type ST PT ST PT ST PT
CLC ideal 34 % 10 % 46 % 9% 47 % 11 %
CLC robust 37 % 14 % 47 % 19 % 48 % 24 %
OoLC Unstable| Unstable| Unstable| Unstable| Unstable| Unstable

75T heor eMalciadat i on

751 Val i dati on and Evaluation Model

In order to validate the developed control approaches, an alternative nonlineéinghap-
proach is applied. The following effects have to be considered by the model:

1 Kinematic influences like the changing angles of the hexapod actuators
Restrictions of the manipulated variables of the hexapod actuators
Multiple InputMultiple Outputbehavior of the hexapod

Nonlinear characteristics of the solid tires applied in the system

Real dead times instead of approximations

1 Limited sampling rate of hexapod input signals

=4 4 4 A

In order to address these aspects, a multibody model is applied. The bdmoic@setup

is similar to that shown ikigure7-11. Instead of linear tire springs, the nonlinear charac-
teristic determined isectiors 4.1.1and4.1.2is applied. The six hepod actuators are con-
nected to the top and bottom plate bodies by cardan joints. The actuators are modelled as
two bodies connected by an actuated prismatic joint. The input into the actuated joint is the
pod length output of the actuator dynamics moddtigure 7-7. The joint calculates the
resulting reaction force and applies it as a load torque to the actuator dynamics model. In
contrast to the linear approach, the actuator model considers restrictions of the manipulated
variabkes as indicated iRigure7-7 as well as the discretization of the hexapod input signals,
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the inverse kinematic calculation, and dead times accordifigtioe7-6. The input into the
multibody model are thériving surface excitationg .

752 Theor eMalciadatCioonmt r ol Fwmdteino n

Il n this section, a validation of the develope
descri bed nonl i nTehaer snpuelcttirbao doyf nehdee lp.lced r o uing f
put acrcel &r @ tFsilgond e oirn sol i d and pneumatic tire
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Figure7-21: Theoretical alidation of control systermuhction by means of frequency weighed ac-
celeration power spectrakdsity for ideal and robust clostémbp architecture (CLC) compared to
uncontrolled system for vertical, pitch and roll DoF. Determined with rboldiy model from section
7.5.1in urban driving scenario on reference driving stefeoughness of 0.036 mm3.

For botylgp,bteiirCeLC | eads to a dampi whi b the nde

controller results in a morE&sepnii dloryn tonurtskee a
and driaglelcti on of dwen pfneruntaite ci deale,control |l er
ogni zabl e around the natwural frequency. This |
ur al frequency of the loidredar whd dell i@md etnfrea amu
f | ecotfi otnh eo f c egnttdeuriotuyg h. rTohtiast | eofnf e ct i's comparahb
pendulum. The | ow damping of the pneumatic ti
of the natwural frequency results in this cont
robust control design, especialHiygh oqudlhiitsatiiv
mento the | iRie@ai2 o dreecoqni zabl e.
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7 . BEoval uati o

Summari zing, the controller develamed hwei tnlo
l i near case and the simplifications made du
acceptable.

The controller behavior is also recognizable in the time domain as shown in the cumulative
distribution function (CDF)n Figure7-22. Depicted ighe total vibration value>  intro-

duced in sectior2.4.2 which occuss during an urban driving scenanath the acceptable
driving surface quality of the solid thgprung systemrhe improvement for the pneumatic

tire is higher due to the increasedpact of the natural frequency that is damped by the
controller. On the other hand, the impact of the robust design is higher for the pneumatic tire
due to the higher group delays compared to the solid tire, which is almost not affected.

1 —

— ST, Uncontrolled
—— ST, CLC Robust
ST, CLC Ideal
0.5+ |- - - -PT, Uncontrolled
- - --PT, CLC Robust
PT, CLC Ideal

Cumulative Distribution

10 - 1072
Total Vibration Value in m/s?

Figure7-22: Cumulative distribution of total vibration value (cf. sectd.? for ideal and robust
closedloop architecture (CLC) compared to uncontrolled sydtarsolid (ST) and pneumat{®T)
tires Accelerations determined with multibody model from sec#idnlin urban driving scenario
on reference driving surface roughness of 0.036 mm3.

76Eval uati on

The next step is the evalewpdthiisn cofmptrh e edse vt d
ation par dme3dlerhsatf rhmame already beesmrampml i e
systems. Therefore, the accepwiathbh er dgdigraevatntgo
di st ur bmantchees dfrriovi ng sur f ad¢ éheo rTihzeon tt ehle ad csd |
due to wheelarbhenat pdddil ptbhnea hrsequi r ement s on
achieve thefcboherahltrevmavesttemat ed.

761 Acceptabl e Dacei Qgabuty

The acceptable driving surface quwalbicthya pitserd
3.A detailed description of the application
sprung systidermT hlen rsesuliton Farger2 @rte sienntreac a qini
that the pneumatic tire is advantageous bec
dampi ng, which iIs compbnsatedr O0yn@4hteaoadeguasa
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shown values of the acceptable roughness <coef
depth gauges between 0.026 and 0.2 mm over a
0.388 mmefuorattite tpme. Reducednogeeadieregts f act or s

the perception threshold i mprove the behavior
- -1
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Figure 7-23. Acceptable roughness coefficients faslid (ST) and pneumatic (PT) tire with
closedloop control approach for different scaling factors and allowed exceedings of perception
threshold The quality was determined with the model from secti6rilin an urban drivingcenario

by iteratively reducing the surface roughness until the total vibration value (s2eti@nis below

the perception threshold.

762 | mpact of Wheel Load Variations

The di sturbances of the bBbripadt alaraatebasati
by meanes Wefb etrFirgu2idos 1 n

Weber Ratio

1 2 3 4 5 6 7
Reference Acceleration Magnitude in m/s?
—%— ST 50%-Quantile —&— ST 90%-Quantile ST Maximum
= %= -PT 50%-Quantile - E- -PT 90%-Quantile PT Maximum

Figure 7-24: Disturbance of horizontal reference acceleration through wheel load variations by
means ofVeber ratio (cf. equatiof8.5), perception threshold: 9r solid (ST) and pneumatic (PT)

tire. Determined from wheel load variations on acceptable driving surface from se@&idmith
isolated horizontal tire model (cf. subcha@es) and different input moments corresponding to the
shown reference acceleration.
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7 . BEoval uati o

The methodol ogy of the de4.ed.n@onnaparoend itso dtehse

ti-gperung system, the maxi mum Weber ratio i s
because the decoupling between hexapod top
hi gher wheel | oad rvaariinagt iva rog awii tomo udti sgeurr b a |
due to the | ower acceptable driving surfac:¢
so do the horizontal tire forces. Neverthel
the perclepltdoinsté&trielsl high. The pneumatic t
reasons discbéus2s.e2d i n section

763 Hexapod Requirements

The requirements on the motionFcgpa®bdoritie:
di fferent driving surface qualities.

Figure 7-25. Hexapod requirement®r solid (ST) and pneumatic tires (Pdgtermined with the
multibody model from sectior.5.1in urban driving scenario on different driving surface qualities

It is recognizable that especially in the r
requirements are fulfilled by the applied I
acceleration, which exceeds the | imit at a
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