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Inertial
Lateral
Limitation
Longitudinal
nominal
Resistance
Simulation
Triangle
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Kufassung

Der automobile Entwicklungsfokus verschi el
Ssi st enezfsiyssS)enmhi-pamuomhoc ki er,t ewm eF adherre nT a(gHeAs
ent nommen wkkabdeimdkanmc.h Experten eiheg, da:

der Absicheeumg woew hHWNFchtigere Rolle zuk
FADer Stand dE6 heéhoibl i de Be zduegr gaaubfe qduiad i\
von Beschljeuwmiogien gneenr S ageeksgta®hsie eniidlaa dle eu n -
gen nicht ©°konomi schwas fgil é t Féleizdlietd?ttiethaebe it
nNi sse beandtsdmhti gt nn ébwmehsn bk creaefitd.@asu fr ud t

Deshatbbi evi r da s ieloenlzlegpttd Rehhr renid@WMIDISO)r unt er -
sucukhnbei mindestens gleichwertiger | mmersi
t ednen St and zdiere rTBeecelgnebnk. € t e udcaisber ge ®r dnet e
] ektdeMakc hbankehiweins e8MDS er zwei Gesichtspl
sel bstfahrende Plattform prakti swihe isi & eirn
einem real en IFmhBezwg awff tl e ibsetduan g s buendda rBfe,
gungshkhbhrzenhs bdveeal Clhheakti onen und | begiwaad hunoc
er f or,diemr Idiacsh von einem WMDS ausgeNewdauRIi s
zu reduzieren

Die erste Forschungsfrage wirdartweMDEel s F

Prototyp MORPHEUS untersucht . Da aufgrurl
MORPHEKS&SIi ne unskal i er tdaur c8ftf g dhtr ovaimridsa ede e r
t urgGrser gi emodel | ent wiwa&lei|ldiparigawmemiea Ir i s1i tee
Eneredarbfwi e der Leistungsbedarf iBsBi AMbh?3ngi

| i et dDeenr L e-iunntneggi s bedliaeg fANf orderungen al
gungs!|l anhaobwemistdidcehm St apdf dét ba@aechni k

Die zweite Forsrmthamgwsdhhta gme e winred GRIf aihk ceaan a |
dur c h gnel fudigkratr Susher hei t sanforderungen abge
heitsarchitektur wird entworfen, wobei el
darstellt. Eine exemplarische Ausf ¢ighrung d
duktion sowi enearuiferneeu eGelfiachhr egne dur ch di e ¢
Komponenten und Funwkei othemaabht Eesunehtunakd
si ken mehr vorhanden sind.

Zusammenfassend |iefert die vorliegende Di
Ma c hkbeainta c wweni sSWMBD8 damit zur -TRecvhonloutoigare de

Xl



Shostutmmary

The automotive develadyp amed ¢ dastoicsusgasrsehens t so f r ot

wara$ o metievd ng, as can easily be concluded f
ti oord aer i fdird asteiro m safii sst aan cree asdyys tcennasl | engi ng,
how t o awalointdaatteeds dstiivliilngunanswer ed. Neverthel
t hat t he iDmpoeStmgad oofs (DS) dorveadmraaxilstdat
systwanmsl i ncrease even dwtrdrhaetred 8driibdhien e bt d:
t haeert DS are in a deadlock when it comes to
representation because | arger wdrlspaoaens - ar e

cal | yi, mpeduisng val i dictayl loifn gD Shorreaduil girgo wmddc e pt .
AWheeMadd |l e DS ( WMDS) itso rreespeladohderesdt B8 e WHZiDI e

providing an at | east wequal i mméhsesiehote®, t h
this thesis investigates the superordinate |
from two viewpointdsmoFipobathbgsei prabeéeiwhéeélyec
the horizont al dynamics as they would occur
energy demand, and motion | atency. Secondl vy,
ri sk that ari sesenmrtoon ameacvandpuald| esylseével 3
measures triggered and monitored, er go: How

|l i ke for a WMDS?

The first research question is addressed by
WMDS protot EpB.amORBHed urban driving manoeuv
with MORSPHEWS® avail able drivi,agowemrdarsgyare no

model is developed| i, pabdithenheni atehleo nanosdc al e d
enedgmandt aedpofver demand in dependence of t
the requipewemrthaErdyy acse meeniodt i @ | at ency can be

byt otteraert t echnol ogy

To anlevesecond r eaesodh haerqgu ehsatziasrkd ashnadk yrsi s
been coannddu cstagfdety requiremamesathbtivey dbreemi dec t
i's designed for twhkesre sadlcth yammgenie dment s,
gency brakiAng exyesmpelmr y arecshigtne cotfurteniiss siarfved s
evaluated in terms of risk reduction and add
duced functions and component s, yielding the¢
system.

Concluding, the hoewiedens ptrhees eme xetd bwoirlkd iprrg bl
gener al feasabd)] ithuoef WMBDSEr ds r.evol utioni si

XIl



1 Il ntroducti on

1.1 Moti vati on

As already ment i ohneedauitno mohd veu mmrdairsy ,d ptroem t
advand édesi styasn e¥dsE (L ed)e It olavatrodnsdrtievdS A §  (
LeveéhamBdi mper tBrnicvdi mgf | eDtSéos ¢ he waaliadatidon
driver assiPé$PCasncwelalyus osmad f@®i dr unidn eepwtee d
cially for uNbdaantapméntimaodthoasher areas of
rel evant i n nearbdhlavamncu rgwmaha als infdleer ¥ ac e
(HM#d @¢vel opment and validation, &R%THisnensi
continuing 1 nterkeesyt aidnv alnS aigse sd ue ptrm diutcs b i
volving many test subj ect s suanfdeetryg ofi mrg tthe
e.g. when investigatainrog suafastaye rcganady adv as
anidof coocaosttiamed reduction in the devel opm
availability of wvirtual prototypes.

Wh elno o biack at the hist,artceddvebwpindmt mof e
terms of modironmihgedbawk atlimnt beetl®odnes el é C
fi oease DS were developed, succeeded by dy
|l ate 1960s. |t was!tneontt wrnyt itlh ath ehiegnhdl yo fd ytn
vel oped, ermapillosyifnogr xay bett erqureegr eaartoat isa

1 SAE: Terms Related to Automated Driving Systems (2014).

2Zeeb, E.: Da iScaleedigignaneDs (2610)l |

SBaumann, G. et al .: Ho w-Akes DB(20L2).d Eur opeds Largest
4Blana, E.: A Survey of DS Around the World (1996). a: pfg. 4

5> Chapron, T.; Colinot, &.: The New PSA Advanced DS (2007).

6 Schoner, HP.: Erprobung und Absicherung im dynamiscbe$(2014).

"TRichter, A.; Schol z, M.: The Surveyorés Guide to |
8Boer, E. R. et al.: The Role of DS in Developing and Evaluating AD (2015).

9 Maurer, M. et al.: Autonomes Fahren (2015). p. 446.

10 Schoner, HP.; Morys, B.: Dynamische DS (2015). p. 140.



1l ntroducti on

transl at i onlaMa nayc ceeflfeorrattsi omnesr e bnodentsakeheafue
ity of the acceleration repr esHonweavteiron |aanrdg et
wor kspaces are requitreadtti®mnprsewisdd itome aesq u al
ur ban Towhiivcihngr equires the highest devel opmenit
bei ng tchaes ewoarpsptl i a3 hi esnds ¢t emaai was hyccuratel
Zeeh former head of Daimler D3 2010:Ai To i nduce a much better 1o
sensation with a scaling factor close to 1:1 for all possible acceleration and deceleration sce-

narios even a several ten meter long sledge would not be sufficient, but would increase the

techntal and financia¢fforttremedl ous |l y, especially when the [ é&]

for drive dynamic exp®riments have to be fulfi

The prescribed controversythe increasing importance of highly realistic DS for automotive
research and development vs. tly@amic limitations oftateof-the-art highly dynamic DS

i callsfor agroundbreakingnew concept. Thus, this work focuses on the advancesnent
proof of feasibilityof the Wheeled Mobile Driving Simulator (WMDS) that is investigated
by the Institute oAutomotive EngineeringFachgebiet FahrzeugtechiikD) at Technische
Universitat Darmstadt since 2010.

1.2 Wheel ed Mobile Driving Si mul
at FZD

This secthirowfgivieesnv aaf t he WMDS research and
The herein described hypotheseswidrne pagdd atl Hn
be invexntitpwatsed hesi s. Thus, this section wil
merihi ofthesi & awmengl| FZWMDS research scope.

121 OverhkRrldj ect Goal

Because settiagtuemaniMbSeedhomtcal Tand | abo
the feasibility ofbtehaer.eblahougsp t tnmues to vbeer apl rl o vper
tdemons hkZ®8e WMDS omamepp b @od heet 6t &S wirt h equal
hi ghmmercfi boea t est person while costs are de
Stewart mofteog. bBSewD6h. chaorp ouemidn s | a lees )t o s
resarch f eiassviebpabijteyct tdo al i's stipHdl:ated as t

1 Blana, E.: A Survey of DS Arountié World (1996).
12Betz, A. et al.: Motion Analysis of a WMDS (2012). pp. 5f.
¥Zeeb, E.: Da iScaleeigiiDgnaniceDs (2610)l pl. 162.



1.VWheel ed Mobiimhwel atrarviRegs ear ch

H1FZ® WMDS ciosncaebplte t oormprhiviper siqaural|lt o tF
per sonacwhuiilsead i mami nt enance costsstamfee decr
t heeretn hanced Stewart motion base DS.

The hypatclcekidssl | att emptTshsofu nfdaelssii fi cat i or
is to build a WMDS, evaluate the i mmersi ol
and calcul ate the dmnstts.alUnf aretswrmra tbesldy,, t h
test are highsaodTh®ierbdbotreomeriteria must
the potential to falsihythbermaandwpr Bchi
Thulse ktios bad inved3bhmert sris$er efdalazief ired teir
aspaatds must be r-esaeer shedai n oweorsisftifechagtti onnos
comparin-fideéi hyghWMDS & admdeed)att gwidt&hf dat diteevd
aspaomtvsestfigialt i omsfal sify the hypothesis i
concept is considered feasible.

122 I niti al Situati on

Previously conducoepdBetfadabys®aDtohkvi &g -
sifiaapeons:

Power dememdetical)

Ener gy (dtehneaonrdet i cal )
Friction(poatticakenapplication)

Moti on (ddretorelti cal )

Safety a(exemmglcamuy epr aimi emlergeplciycéat ada
t em

ok wbdE

Wher edsaltsh dais p@tmiwen @amer gy demand as wel |l
have been anal yas esd rtthuead rsqetrciddigdtnfyyp eici{ cd6n c o
ficiensabéedytthvewedhan v est i ghaedwai ¢ hpaot ot ype
designed and manud amdsitherhingln itshel eswctrh dore d
cha@twWhr | e the aspecwad odibd téiadn i d oye ftfhiec i weonrtl
pot he sgihsec smdheasty meneénwempl ari ly dememeEtrgane
braki ng nstyesgtreamh ed i nt o .t hNeihtahredrwarries kp rhoat so t
nor rtilgegetri ng and fault moniThousifnagt sneefcihcaantii:
aspefastaf ety alraashinocetctlhueeen suff.iciently i nve

14Betz, A: Diss., Feasibility Analysis and Design of WMDS (2015).
S Wagner, P.: Master's thesis, Aufbau und Inbetriebnahme eines WMDS (2013).



1l ntroducti on

1.23 Wor ki ng Hegspot hes

BesiBkedfd val si aspabtnvoedi tfiadsalbspatiesesndenti fied
whereas bhevaspeciad amwalaysed by Z°I1 1| er, wh o
parts of ®H{is findings

6. Latency
7. Vertical dynami cs

Comcl udisnegvfeant e f i catt man sifsgireacdwbso rakrieng hypot he
are derived fromntdhaenumai meh ypoctelmasxihsed wi t hi
scaopé&gain,cdwaesi athheershhyspot heses nor all fal si

1231 Wheel ed Motion Base

The working hypatph efle sfzdn d bfdidred ssd9 ctalie on
aspects power demand, energy demand, frictio
| atency:

H1.iThe wheel ed [modWMD Ibarseeipttftj it s dynamics
ited by friction forces can simulatie the ho
driver behaviour consiodering common| scaling

iThe two restrictionsnofmahedhiypeddhimmdmyviconce

s ciang faarcet osrtsi pul ated because no effort is de
than necessary. First, the driving experienc
is Iimited in its dynamics due ottohetrhewodrdisv,i n
no expert or race car drivers are considered
Second, advantage is gained from the common

ture because human percept ihomutmay ubse nfgo odli esd u
|l osses in the perfgéfuetdhdridengi Ex2pelanidebeef o
ta. hnal. pd2

1232 Safety Architecture

Hypothesis H1.2 addresses the falsification

H1.F2ZZ® WMDS concept does not beamda amymcece
environmental conditions and in anyl use cas

16 Zoller, C.et al.: Tire Concept Investigation for WMDS (2016).
17 zoller, C. et al.: Tires and Vertical Dynamics of WMDS (2017).
18 Cf. Betz, A.: Diss., Feasibility Aalysis and Design of WMDS (2015). p. 4.



1. GBverall Met hodol ogy and St

FZ® WMDS cehaeptctieabsédthpyto move freely
which excludes stop dampers from being us:¢
DS. uhmcceptiablcelripesikd e fjtu dagnedd itso be unacce|
cordi nigd toowiadt ald®moFarl tceonlkripdtasl systems,
exi st that evalwuate the risk based on ris
(sec2t)i3onThus, the WMDS and its safodthye ar ch
art norms (e.g. | EC 6150 8y mainmdt egrua cdteil n gn evei
WMDS must be considered in the dek2 gn-of 1
cc udes the operation and maintenance of th
persons, maintenance personnel, and bystar

1233 Vertical Dynamics

Hypot headdr elds8s the falsification aspect
sul ti nge ftrione tr oad contact

H1 . F3Z®WMDS concept can simulate urban dri
face, whidbl idg iovcvMiosm wi thoutt esmip &g erisnogn
i mmer si on.

Common driving surfaces for the application of WMD&st be defined because the con-

cept is unprecedented worldwide. Potential users of WMDS can help by considering on
which surfaces they woul d useimaersiéess. | n t
to vertical excitations that do not disturb the @edriving experience of the test person.

Values can be found in literature or in experiments.

1.3 OverMdtihodol ogy and Struct
Thesi s

This thesis researchés prpewéabhdemaodti eme
mand, and | aetseinsc yH1lo.f1l haynpdo tthhe t heoreti cal
archi thgptot me.siTsheHla.i2n i s tco sied & motri feya cthh ea sw
the given constraintsafe. gi-o-+h baerttatteedcrh nveelro
to coamosdtgor ous falsification.

191SO TC 22/SC 32 Electritand electronic components and general system aspect26&82 (2011).
p. 18.
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1.31 Wheel ed Moti on Base

The researchre@ue oiviewm stghadt &ftdal si fi cati on of h

1. Power dlesma®dBVMDS ccoanpcaebplte of m@amxo vmiudni ng t h
powee manwietdh -od thaetceo mponent s -paatdatpomwse,r or
supply systems, ?tires, suspension, etc.)

2. Energy demanfdheerAtbeoans date@mer gy st orage syst
provi di ngr & dui geenddsrig wu lmagt idoenscr i bed by hyp
H12

3. Lat eWliych moti on | atée nicryp dtr otmo tthtee dpri orveird
tion cue must beaWMbh&8emceptarmapiablkZDf pro
within tihn sorlcarentcoy represent the same mo
passenger cars

Sectd .¢td@sdbescri beottthbkeet sbhAt accumul amomperand hu
ception. This knowledge all ows to extrapol at
totype to what <can b ec aasceh ireevgaudigio edseeffmdarsi mtgs t h e
the experimMenlds 3 ( netchdeer wcehs | ed met hodol ogy wit
meabetup and eval uat ifbnotctu@gmmeti mo da@lno oy if 0 uan
for i dent i fcyaisneg ptohwee r wodresmta nd , e noefr ggZzDdemand,
WMDS <comhbiept estiisgadtoinoemdhtvi ¥ hng of the hardwar
starting from simple maneguwmae®eavdbke®Bi|i ngetcht
Becausef anosti eaxlplat icamntb® conduct eidnwes tai da-1 s
tiiom supported by anbv.i2ritfuatlh e rroa puiyrpeed letcpg u:
pr ot otvyaplei deiarteed har dwar ¢ hper cstiontuy@ae i on resul t
ol ateesdt 6. onf these aspetchesyaamcnaotcabeé yf dlesisfi ibé

132 Safety Architecture

For the falsificadathieomasfethy pkis easmiypi tndinnt o

al | possible use casels, mastdeéektideder mi hgdot A
sear ch oguehsetsieomr iisks can be rkeyuaedat ot wmnanmcl
tectRefevant functional s asf eect Bi. Belmtea nsdaaf redt sy aarre-
chitedtsweslddeducedloftwmomeda hobdpl ogy. This i mpl.
architecture developaehthazabthrbhbeetlbbgohdegwnt
sectdi dn2Based on the identifi erd lhredz,a2r ds, ri
met hodol ody Asd@lcii AL hazards with significa
safety requisamenty ladehii dare dpfmhaer 4t antor ms and
guidel i n2339 spercdgensie)dbe ri sk reduction as we
ards introduced to the system are7e®al uvuated
Finally, an outl ook tsa ad es aMMDtSy i a&f .Joh ivteenc t( Lsree



2 St aafe h-fr an®&ci enti fi ¢ Res

This shapter with clarifying the .  usceammbDat -s |
i bl e wi¥tdeaf Beit ol boswpdrbef overview of diffe
a detailed description2.)z mhieallkegmobedeb
formdgti @en r efqgauri rienmmeendttsil)ga thisrp@ tttvensaf ety ar
(sec2t)i3onenergy dxyanadndskatedbmyaddeesseoed

21 Def i niti ons

211 Coordinate System (COS)

Th@oordi natCOBSYy s¢ melsldNiS®8 55 whdeareei ndex E r
sents f{heedacCOB and V @Gepmeslkeins scoheexehvi

COS. Additionally, I n tDRICOSwamid Whé®irndihe:
COS are introdudedr @trseeedaomn(sDh@R)i oafra@r deno
sura@fear s wafyor ahhdlev e.ot ati onal B-OBpriatjecen deno

forgl lamdr yaw.

Figure2-1: COSperDIN ISO 8855

20 Betz, A.: Diss., Feasibility Analysis and Design of WMDS (2015). pp29
2! Deutsches Institut fir Normung e. V.: ISO 8855 (2013).;dx: p. 11.
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212 Si mul at or Orientation

Thedixrecti om )ofi & hteh eDiSeignt et tesr esantnt ihAec ¢ @arcd iny g

t DI NS&85% the | at@r)ali sdiproed ttii oviee (twe rtthiec dle fdi r
tian (upwards. The steering and drive units &
at the unit fakedeEBtfighe test person

Figure2-2: DS orientation

213 Moti on/ CMe®ti on Cueing Al gorithm ( MC

Synonyms fcoueereheefermnce, i nWhiecnatwoornk,i nogr wintfl
humatntsi s term is commonly wused for describir
vi #3d Therefometi ddheesairirbnes a sensory inform
ceiard interpreted by.tBecaesée merson Bs mp
ceivedhthheuvestibul ar 2ekh,sbt yneoatigiam c(ucef . s
used within this thesis for describing a ves
The algorithm that anaealnsd ant eismnunemst ti dofen trohwde isd So f
referretMot ooasCubeng Al gorithm ( MCA)

214 Scaling

Scaldienrsgcri bes tpheoppr atecawnzlibip t he accelerati
within a DS, e.g. whenmtél atcal reealt i oar aimp |t

22 Deutsches Institut fir Normung e. V.: ISO 8855 (201
23 Betz, A.: Diss., Fedlsility Analysis and Design of WMDS (2015). p. 10.

24 Fischer, M.: Diss., MCAUr eine realititsnahe Bewegungssimulation (2009). p. 5.



2. Definition:e

in a DS with a scaling factor ofm/G)chal -t he
ing reduces the amplitud®andoitf oemegsaci é6ys
the dsubijren&8Cosmmonly used scdl i magddefpdecntgo r s a
on the manoeuvre t loaav aisl atbol eb ew osriknsupl aactee dl i
erationiampglipendedee adn otrtA?@&%rAcqoed ma @,d by B

it is not c¢clear whether the yaw motion shc
the yaw motion would match the scaled | at
scaled visual Chesswaluéd yawtmadiaemn. tTher
moti onhegseus®ewd! ting in a conservative inve

215 Tilt Coordination (TC)

Tilt Coor doiansaitciaolnl ym&l@psucrre nbeenst aer r or t hat

mans andpsensptsonfis based on .itthkee meamsuare
(vesti btlaarhumagnatni | ted relative to the gra
portion of the gravitational 2P28%%c €l hiiss pperec
nomenon i s applriangk el tg pantiggl e@arrdttaeii st acc e
often described as stati o2napr.y2Npeercteipel @ens

technique is predestined for application
systensibk@Ft ar more that <can ti ldc elheer astuibg re
may be well pr elsheentferde ¢ theamaigens Telr.eTpear t i t

del usi opemapiybedhei Ehhdjeesti Wwlear nothltaenmad Ic h
cues from otheThesrafsorg, chapaeiaapltl yt oviTsQi.a l

216 Washout

Thwas haoiums at mini mising the required wor k.
DS back into its initial position tblked ow h
washout motf% obWswat hyTChasedswidohienfiheeMC/
the term washoutori g é¢dolestahienfgtcef®d’sussiecdal ) MCA

25 Reid, L. D.; Nahon, M.: Flight Simulation MCA (1985). a: Appendix B.1; b: 1.1;.c:

26 Greenberg, J. et al.: Lateral Motion Cues During Simulated Driving (2003).

27 Fischer, M.:Diss., MCAfur eine realitatsnahe Bewegungssimulation (2009). a: pp. 57f.; b: pp. 6f.
28 Groen, E. et al.: Psychophysical Thresholds of Linear Acceleration (2000).

2 Betz, A.: Diss., Feasibility Analysis and Design of WRI[2015). p. 11.

30 Nahon, M.; Reid, L. D.: Simulator MCAA Designer's Perspective (1990).
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217 Si mul at or Si ckness

Simul atomust ckemeagoi ded i n dr i vrienfgerssi ntud aan c
il l-neke condition whose sympti admsweanihg, naus
| or .moTshte wi dely bekbiepttedi mhlkeargr sickness is

thelhryaccording to whichfsé npoelracsdoyv ésti ec kvneess-s ¢
ti bular recept orwesttihbeuleayre sp,r ooprr itolcee pi@m s mi
Br afdd vi de simul ator sickness into two cl asse
ing cues between the eyes and viestdadwdad byc
mi smatching cuecsi thedlwaerencdrmael seamd t he otol.
orgaseCc®i dWHi |l e the secomd | alemxced Dymai mplryope
MCA, the first class is influenced by del ay
af or e me n t*3 Wmeerde acsu ecso mmlge tceuleys ntiasns be system |
i nsufficient or no motDSonsismywltaetinmmu< iadk g sss
del aydd ocwaeused by | atency in either the visu
systlTdihmse del ayed cues are primary responsi bl
| it efladtuercy i smaredn s ewihihd ni 3n

22 St aa & h-A&r Dri ving Simul ator s

The motion capabilities iorf DISe hlaatet'd&rhamalefd
century but did not Tmps oy excrnouwaen uptibneese 4@ h e n
motion capabilities and corresponding areas
der of increasing motion capabilrietsyentT hteope x e
of the class DS in terms of availabRhe accel e
mor edeipnt h hmanal Ppies conduct edobry nfocrhe® nceormpd red ¢
analbyy eBPoahlal. b

81 Reason, J. T.; Brand, J. J.: Motion Sickness (1975).

32 Hettinger, L. J.; Riccio, G. E.: Visually Induced Motion Sickness (1992). p. 306.

33 St. Pierre, M. E.: Diss., The Effects of Latency on Simulator Sickness in a HMD (2012)-pp. 16
34 Schoner, HP.; Morys, B.: Dynansiche DS (2015).

35 Blana, E.: A Survey of DS Around the World (1996).

36 Slob, J. J.: Statef-the-Art DS (2008).

10
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221 Fi xed Base DS

Fixed base sbanuk at@mresamlry gilhi ght si'mul at or
century,thehwerny imagsi c el ement o0i18@s salmul s
ready showed visual represent@@sThreyr edwdiet, i
Vi sualuddafnmldeack constitute the sodc@andSand t

222 Stewart Moti on Base DS

A Stewartib®sadfonmthe universalicoyse st es
two platforms tBak nerag tamiduedsoenso wayday s U
ferrelexapdde setup asitx van sbhantidi wno tiant iaolnla |
Applied to a hfei teecstihamsodh et wbhacoch resul ts
i mmerasnidoon t her ewi t h, tnmoet ifcoru rc uhe sb acsa rdo twid teunte

ever, due to the | imited stroke of the ac
amplitude, only short acceleration cues <cCé&
tional DOF all ow t,bher,ehabén stthessttaicmidrge ct
eration cues but | imited frequency

223 ARobocoakBioeiron Base DS

The Robocoaster motion barseb®tS arsmbfacre de mtn
purposes that in turn iisn dbuassterd “admh eauu KpldKsAe fsr

a robot arm increases the avaihleabalivvs bnmatthieo r
i mmersion of the test subject. Nevéotrhel e:
all frequencies andl amgt i.Adwarstad et aor cecdu r
to Stewartiinottiloen ibracsrehsedayaWwWl angkel nsti
|l ogical Cybernetics extended i tm fobmctoiacsn
enve'lDblpies adds stidot hestiimmed i mits the DS i
sent sustaining high amplitude accedlher ati o
compl ex control and safety architecture.

%7 Blana, E.: A Survey of DS Around the World (1996). pg.4

38 Gough, V. E.; Whitehall, S. G.: Universal Tyre Test Machine (1962).

3% Stewart, D.: A Platform with Six DOF (1965).

40Teufel, H. et al.: MPI Motion Simulator (2007).

4 Nieuwenhuizen, F. M.; Bilthoff, H. H.: The MPI CyberMotion Simulator (2013). p. 124.

11
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224 Centri fuge Motion Base DS

Desdemona Ltd. devel atperd U daee d ekshdee ax omregn Itsai xmfud (

design all ows transl ational motion as a hexa
to ovECOMBOtAeadhs| ati onmbt aadr gotteats wstadi ni ng
eration cues with high amplitudes. Neverthel
erated, especially wtaemmewivrlei abssangedr aeadl

The DOF are interdreeoendiemag msvGRK dtomalk e s . t

225 Cabl e Robot DS

I n 2t0Ohles Max Pl anck Institute for Biological (
DS. This DSbys oghthdreesadleddr i ven by an indivic
enabling the aeg&xsm)p®Achwartnagaereus are the |i
and high acceleration amplitudes. ©®asadvant a
result in vibration or | atencyopoiepracealtesati
tained high amplitude accel eratiommustthe roon
be increased, worsening the elasticity issue
robots for (nefardeyl)i tunsdcrailveidn ghisghmul ati on.

226 Enhanced Boewant Base DS

Tod@hyi f§f h d ®ISs tteyhp lao h e X ehpead ticlmerronedo mpound sl i dce
or bogusahermmanced by fFuorrt htehre aacitru,aciuosehsi ro na cs-ol u
tuators are used trhati e nhaescd. tO©ompeu mae xalpiod
al so use r WMhamr e daecxttadpaotdo riss. used for TC and r
of theaektdirti onakeacasedt bosrepresenss high fre
accelerations $bedatedcabypyoTCbdueepoethe human
thresholedad®i @nde b. 20f course, adding a slide
the DS significantl grasdbe esmechoonndo tsH e ,d ea dedxi pnog
tiates this i séausdi rbeee nmohvee df itroggte t shleird ewvi t h

etRawer and energy demand ar et @abhfercafeadr eb,y a hr

ur al of fadbet ween DS fidelity and economy see
Zet#pcitati bhFerectbomparati ve,ltyheshalxlagrods aclawmt i
carried by air cushions instead of slides, v

42\Wentink, M. et al.: Design and Evaluation of MCA for Desdemona Simulator (2005). p. 2.
43 Max Planck Institute for Biological Cybernetics: CableRobot with Passenger (2015).
“Zeeb, E.: Da iSoaleeHigiDgnarceDs (26810)l pl. 162.
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| ar ge woptrhkes psatciefsf nesopi sf ohbebademEsldoess | i c
mor e anedh hmomrceed St ewxaS tarnmeoth winl tbasreound t h
seen in t hieabAlel pcovomgot he perdymsamind D me

Table2.1: Overview ofenhanced Stewart motion bd3g

Organisation Motion DOF Moving
envelope mass

Peugeot Société Anonyme (P3A) 10mx55m 8DOF unknown

Renault ULTIMATE*® 6mx6m 8 DOF  unknown

Swedish National Road and Transport Resea 2.5mx 2.3m 8 DOF  unknown
Institute (VTI) Sim I\

University of lowd® 20mx20m 13DOF 80t
University of Leed® 5mx5m 8 DOF  unknown
Toyota° 35mx20m 12 DOF 80 ¢!
Daimlef? 125m 7 DOF  unknown

Research Institute of Automotive Engineering 10 mx 7 m 8 DOF unknown
and Vehicle Engines Stuttgart (FKF5)

VI-grade Drivefin-Motion (DiM) 250°% in ap- 1.6mx1.5m 9 DOF unknown
plication, inter alia, aHond&* Danisi Engineer-
ing®3, Volvo®, Lamborghini®, Porsche?

227 Summar %t otbé& h-A&rt DS

For provi-off heerhtatDS teartee not capable of repr
tion sensatipemcad eiatd dodwlichgbha n a real car
the calculation of the frequenchyangapms bet

45 Chapron, T.; Colinot, JP.: The New PSA Adhnced DS (2007).

46 Dagdelen, M. et al.: MPBGased MCA (2004). p. 228.

4TVTI: VTI's simulator facilities.

48 Clark et al.. NADS Motion System (2001).

49 University of Leeds: University of Leeds DS (2016).

50 Murano, T. et al.: Development of Higterformance DS (2009).

51 Betz, A.: Diss., Feasibility Analysis and Design of WMDS (2015). p. 29.
52Baumann, G. et al.: The New DS of Stuttgart University (2012).
53VI-grade: Vigrade DiM (2017).

54Honda Deutschland: Honda R&DS (2017).

13
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stré&sslkd i s assumed that a longituwkomal , har
5m/ s is to be presented. The transl ation sy
space, resulting in the loweahi dimhe dvaiquaml

wor kspace:

0 op o 3 (2-1)
C W
The tilt system (namely the hexapod) is then
resulting in théouppedtliinmgiit frequency
) pQ
Qp M—7—=— 2-2
P Mo (2-2)
To be able to represent the acceleration den
l ation system must meet the upper | imit freq

man perception threshold fori ftislctalriathe oantno
the only available paramederyittd@bmgchanged i
Q
I L (2-3)
Qf

Applying the tilt rate threpbdf doffhat dss(se
tidnh, 2whereas the workspace must be provide
we, lyi el ds

- J.

i .
wf 0 E{E‘fﬁ L& p a8 | (2-4)

It can be clearly senmni st heacto nao miocr &kislpya ciempod s sNi
with a compound S$8Tigseh emo tcioonre sbhd e aDSi mil ar
using aimdrieeregstln APaFiegB3tieldursdlircatefs 5 he fr

gaps that cannot be represented in dependenc
The only reasonabl e approach to omieredme ¢t hi
only by the environment it is moving in.

%5 Betz, A.: Diss., Feasibility Analysis and Design of WMDS (2015). pg220125.

56 This value differsrom the workspace calculated by Betz, Wwhiaconsistentlyi used the tilt rate thresh-
old of 3°/s for the calculation of the frequency gaps instead ¢ éhat were used throughout the rest
of his thesis.

5" Tuschen, T. edl.: Suspensions Design of a WMDS (2016). p. 6.
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A Frequency gaps of
tilt-translation system
; Tilt: Guome = 6°/5 r( ................ Dopeeeeeeeeens >

Magnitude in dB

>

107 100

Frequency inHz

Figure2-3: Frequency gaps of stabé-the-art DS (Hexapod +in, compound slides motion base
DS +10m, unrestricted +118.#)%®

228 St ad fRe s e arWwhhe:elMod i on Base DS

2281 BMW Patent

Theicehsefpta wheel ed moamedine htasd byr DDBSges
2002r espectively H:%i ngH 8iMW ¢ oin ee@&8 plreogosot
t h rwehee ed leadt tf @ p png doam ed, i n whichmocecdkompaet bec
fitTltheed . wheel wunits may consist of single o

to NEBOAgY is supplied by a cRibg2k e uspende

Figure2-4: BMW wheeledmotion base DS

58 Cf. Betz, A.: Diss., Feasibility Analysis and Design of WMDS (2015). p. 22.
% Donges, E.: Fahrsimator (2001). a: ; b: pp. 6f.
80 Hising, K.: Fahrsimulator (2001).
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The safety architecture is described as an I
ment of the DS as sodBretdesthebaevdr tofpade awb ¢
BMWs concsepty., FRitr i s unclear why the steering
the Gabaw angléerapdctbeyD8&8re dependent on ea

of the steering angle reduces the capabiliti
backto its initiattheodkdeddrninbhedhbeaithetry mogaieghi f
i cant i nfrastructur al e nb dotdtr,a nbeedt, atuls e ¢ &fee twhn
infrasmutitecperwi th any I mpactAlssmah,ed ahdcamgke
to mobile applications, e.g. on outdoor test
ture I s unsuitable.

2282 Eindhoven University of T%chnology/ Bosch

The Eindhoven University of Technolaogy rese
24vheel ed motion base DS fwihwhnseecdwit@eaiss sarienggr o
ot hhteve n wheSeollsi de atcihr.es aocanauged.a Tchoenpd eme Vv
and can be,and thkaagv peedadameecah ani sm. [Elnieedyy i s
via a cable that is suspended from the ceil]i

3 Crank Mechanism

Carrier Frame

Wheel Frame
Wheel Set

Figure2-5: Wheeledmotion base DS of Slob et &P

The publication is mainly focused on the whe
acceleration cues instantaneousFyg2xd@keerefore

61 Betz, A.: Diss., Feasibility Analysis and Design of WMDS (2015). p. 39.
62 Slob, J. J. et al.: The Wall is the Limit (2009)- ab: p. 299.
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I
o
B &
:
L =_80_|
Figure2-6: Wheelset design of Slob et &*
Longitudinal acceleration i s generqaitadd yby

I n case of counterrotating those twéa wheel
(t heoretical axis bBfgh®Meé aWbsean fwicti ot sauppto
aroundiipoipmtovi ded, aP(wdhteedalaafi sr obdi gauto tepmd ii
27) 1is generated, retsaurlali ngc denl @ rnasttiamnt aneo

Ya

04)

0 X4 Xp Xg (’;ll

Figure2-7: Wheel set kinematics of Slob et®&l.

53 Slob, J. J. et al.: The Walll is the Limit (2009). a: p. 299; b: p. 301.
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I n theory, this conceptm/cshjab2pe owh edree ianc cteh ee rca
culated overall w&ight

Table2.2: Motion capabilities ofvheeled motion basaf Slob et af*

Non-simultaneous  Acceleration
Surge X) +7 m/s?
Sway §) +7 m/s?
Heave ©) +5 m/s?

Roll (d) +5.2 rad/s?
Pitch (i) +5.2 rad/s?
Yaw (y) +1.4 rad/s?

The safety architecture
for a positioningorsysdretmr olserf e mauil rad malt. i ¢
up, neglecting nmehawieaun t i

Velocity

+4 m/s

4 m/s
+0.4 m/s
+0.7 rad/s
+0.7 rad/s
+1.1 rad/s

One di s adtvhainst acgoen coefpt i

trollidég atjleec tS vy,

simul afThos i s because
(cf. Zek.tli Dme wheel

| onomi c wh®aellrse a days sBteattze d .
still . Whedlasb,gi ab

not address i f the addi

constraint of convent.

i nfluences through
sidered.

2283 TNO VEH L

forces

hor i

t he

t he

t he

onal
onal
zont al

DS

Displacement

+ walll

+ wall
+0.2m
+0.4 rad
+0.4 rad
+1.2 rad

t his

es of

energy
tions beconaes iwnpbhg/stphégl.e nusr t her mor e,
wher eas

s 11.

t he

concept

i s
al

re

supply vi
t he
representation
h utnraanrss @ feiommdly athil ee ¢t D
caster

pape

approacli-over come

Neverthel

ess

The Vehi cllre tHme dwaap ((pvredHd el)l e & ml astefl dr m
sensoradaadcéetdedri dat aaps

evaluating vehicle

systems and autToneattesds td rsietiumpg i

64Slob, J. J. et al.: The Wall is the Limit (2009). a: p. 3063.1298.

8 Betz, A.: Diss, Feasibility Analysis and Design of WMDS (2015). p. 42.
% Gietelink, O. et al.: VEHIL: A Test Facility for ADAS (2004).

57van der Meulen, S. H.: Validation of Moving Base Simulafitmdel (2004).
%8 Ploeg, J. et al.: High Performance Automatic Guided Vehicle (2002).
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the vekbrctestnds imctimstednashi xkrat EOSeadhhb]

VeHI L platfor m, representing a vehicle wi
performs the inverted rel at iTvhee nwohteieo ns boeft
VeHI L platform are independently steerable
positioning, odometry as well as a magnet

tion with f o@nulbe mstalre amutesnindaes bRoitg2@me edge
are ®us®de accumul amiomutae 3 OtwesEhfeodtr dacv N5 ¢ a |
tions of the VeHITlabp3deatf orm are | isted in

Table2.3: Technical specifications of TNO VeHIL platfoffn

Property Unit Value

Mass kg 450

Maximum speed km/h 50

Maximum acceleration m/s2 10

Maximum steering angle ° +350

Accumulator A. 288NiMH D-cells, 346V (DC), 2.2kWh

Figure2-8: TNO VeHIL and the vehicle under test (backgrotihd)

The main difference between the TNO VeHIL
volved. This might explain why ofo trhef eprleant
can belrdoaddihéi ose of velocities and posit
rather thamegatéebkbefabimomnh Nediefrftdred rets sapplh
pl at&hoorrm znoonttike@m a viiso udru ikteeat wheel ed moti on
whereas vertical excitation plays a minor

% van der Meulen, S. H.: Validation of MoviiBpse Simulation Model (2004). p. 13.
0 ploeg, J. et al.: High Performance Automatic Guided Vehicle (2002). p. 128.
1 TU Delft: Validation Methodology for Faulfolerant ADAS (2014).
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(martificial muddpaed ceéxiycviettlaet isounbj ect . Al so, t hi
that even accumul ator 4t e ch ol c;aglye qfuradm teme r \ge
wheel ed mostion platform

2284 Temh sche Universit?atysDreand ekem/nAMSTGmbH

The Dresden institute of automobile engineer
| AD)Teathni sche Uni ver siwhtetinhdtdibassdee nD Ss traerst eeadr cthl
i n Z20mIgZxt her -Swistthe mMitMScThTnhiek wGaninbcHedoit fufad roe nc e

the cascepvesRd@Aeednibyche Uni ver g¢ihte? tus@a roms
fouwi nelwhet ¢ adseafg!| eanvtheteHes use dfriagydwatrurn
i ng)Eifg29.Bhe si mul ator titbhoapawearceedi muy agdmromwi t
omobil e apdmlsiteatdi gaf ss.a mpe alf | malcuginsd dddeende r i ¢

Visualization
screen

' i y/ Iﬁi/ v Cockpit mockup
7, L Ll
/ \ Tripod (3 DOF)

k - Ring bearing
- (1 DOF)

|

Motion platform
(3 DOF)

Upper
suspension

Wheel pair with
lower suspension

DOF ... Degree of Freedom

Figure2-9:1 A Dwhseled motion base DS

"2Tuschen, T.; Prokop, G.: Development of a Highly Dynamic DS (2013).
3 Tuschen, T.: Diplomarbeit, MCA fiir einen WMDS (2013). p®
" Tuschen, T. et al.: Suspensiddssign of a WMDS (2016). p. 9.
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Thyeaw turntable constitutes a retdeerléantsD8&

capable of yawing. To oveolcomemitdhhec dnsntint a
tire, the motion platform is constantly r
the subject wil & nroadPatoiead icteheanthietshpel awthfeoerlng
get into standstill so that | ateral forces
ifwithoutitc dmalséd up | ateral forces through
the other hand meamshaweta twel omhieteyy wescetdosr
Neverthel ess, none of ®&pobhi anadldeedsiese moiw

avoid situations where the supanpebkdbyot e
the primary trajetaodofgprmfthhe me tTgheen elriakteel
hood of this event slh@egleing bndgt @an & sotnien sw hgenei |
happen for more than® omé¢i wWwheelcascmul i age®
rotation canmbéaontcuentdaseneg. and, theref

Anot her di fModriGomncteM@)I Be(¢c @aese t hef ocsoentcse paf u
twin wheelexplicit solutiontherdadwiatilzohtal
t arwheete | foMhhes eéoxiret st he MG ruasxeks vermiicd wer
From t-threadhkypmodceamlti al wheebnlaonmrded awer dtea
verted tire model, where the wliseenha ghiucbh ftoorr
mul® Fi g&k

Simulated : Motion : Motion ! auto.mobile-
vehicle : Filter : Control : driving simulator

[ I s

: %) : Force Inverted E

i @) 1 distribution tirec model |
- [ O I |
=) | g I — | 7]
= I =] [ - =1 I =
& [ 3 [ 0 &3 -8 .8 = g
R5) I = I o L= 25 ! =
g [ = I 0OBe 253 E =
51 I —_— 1 - = o= — O W 1 o
< | B I csEEE[1 8w =
. | S | c = g = 2 o= I 151
v | < 1 B a2 2 z .2 =8 D 0
e = 833 ZzE=Sg| | o
- 3 L — — L ]
- I = | = o T o = |
S i 2 1 = &7 Bea = I %
- [ = I 8 e g = = |

l = [ S+ 8 =MNE !

I k= I < N Z I

[ 7 I E

| I ;

Figure2-10: Control architectureo f | whBeled motion badeS"™

The suspensi ompaiss i & e sdtpguabei ds habso nae ,ugpeBsi o
2211 Requirements to the suspension are id:¢
behavino wrl | directions), avoidance of pitc

STuschen, T. et al.: Suspensions Design of a WMDS (2016). a: ppbapp; 12f.; c: p. 12.
76 Glatzki, F.: Bachelor's #®is, Trajektorientberlagerung und Lenkleistungsbedarf eines WMDS (2016).
"Tuschen, T.; Prokop, G.: System Design of a Highly Dynamic DS (2014).
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subjeotd) drgving comfort (i.e. road excitatio
ception thresholds), and good dr iex mlgi ad-ynami
I tdoy wheoeflf )I.i fHEspeci ally the |l ast two requir
conflict is ttowshtesgegohyviednbyondbept ,- whereas

wi shbone suspensi ocno nefaosrdir el e gowipdemb dmwa byges -
pension ensudgsafibod driving

Upper kinematics

Platform
(trimmed view)

Lower Kinematics | "o, NSNS O TN

M)

Mass Q

Z o (x-axis)

i Joint f (y-axis)
Us 88 8 I " O 1o
E \:!5 X Y Spring/Damper —mjvj—

Figure2-11: Dual suspension kineieso f | AD6s wheel ®d motion base DS

The safety architectureraofeatllgpmatiembbourmdatDS si ¢
AMS-Bystemt echniekc hGniliesH heerbk e 8 £ n .t oTgheet hreari n
consi derbartiinogn tihse tDoS t,0 wme reen®s gteme ypast ept ad
the trigger |l ogic and triThger menehagmrinemn ibmak
ods are: described

1. Conventional:l whealk maakesm friction coeff
ued and steering is not possible, wheel C
bility of the wheels. I f the sliding fric
the DS is not steerable in case of an eme
cder does not influence the driving behav

2. Br afkleaThe wmeleslts not h avder icvoinntga cSth rt6oa ctahne b e
done i n two wayyg:apkiRBat ed teisvsit nngy ost uhrkfaa c et h e
simulator is |ifted off thebwbeelusd dheby

8 Tschen, T. et al.: Suspensions Design of a WMDS (2016). a: (8;15 p. 17.
®Tischer, W.; Prokop, G.: Selbstfahrender, hochdynamischer Fahrsimulator (2014). pp. 271.
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friction coefficiedtiofngiusulb fbak e epsli agtne
that d¢arehd@&tSI over in an emergency brake
3. Brakin®neags: more inflatable braking b
maki ng ¢ omdtrd ovti ntgansdu inté haudsenfgg @ ce n atn  f or c e
met hod may be used alone or in combinat

2285 Technische UniverBapartt manmtmsafadGontr ol
and Mechatronics

Techni sche Uni &erdsipta?rtt meart msotfadctont r ol SY ¢
(Fachgebiet Regel ungsrttent)h mrieks euarr dd hMesc haant rad nt
o WMDS based Qmniownihesanmmseled s .t o NMawvanuaoaml whe
ers | ocated ovewhaoaheiisr ocfi rrcoutnefteiroencoeqi nc i
orrespondliihreg etfaarg@arntve t or que c @n tbaen gseunp-p
ial direction, &ivwmeelbultoaxd ilrmtredldaibaslf odicr
he-hmdmnomic characteristic of convention
ectionality. A scal ed,esprgmnteada tyapuidic r@ble speltar tcfl
onst ohltFe gitér &,

O = ~ ~+ 0 0o ~

Figure2-12: Left: CAD model of rtm's omnidirectional platfofffy Right: CAD model of rtm's
wheeled motiobase DSoncept?

Publications deal with the control struct
addr etsisriengc har ®dteertirs téfhd sopa mpnan e cFdHt rasl ap
we l | as the replacement coofn ttrhddi o(incel oapsssri cTal
and one forandcecrmmarfiomgn t he novel approac

MCAFi g2r®3howss rpprnroposed teeacrnturreel ar ch

80 Gong, Z.; Konigorski, U.: Dynamic Modeling and Controller Design of WMDS (2016). a: p. 1533, b:

81 Gong, Z.; Konigorski, U.: Modeling and Control of a WMDS (2017). a: p. 962; b:

82 Gong, Z.; Konigorski, U.: ModeBased Control of a WMDS (2016).

c ccc

83 Gong, Z.; Konigorski, U.: Comparison of Different MCA in a WMDS (2017).
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‘ Vehicle Dynamics ‘

| High-Level Motion Control |

|

‘ Control Allocation | —

|

‘ Low-Level Actuator Control ‘ |

SI0JBLWNSH PUB SI0SUDS |»_ -

‘ Vehicle Driving Simulator }J

Figure2-13: Hierarchical integrated control architectard r t mos wheel® d moti on b

The outc@&®me esfeamtch proves that control archi
asvheenmcetdi on exaiset D&Snd ful fil the dynamic reql
tion. Furthermore, they even ipdaheert h®MCphoOt ent
approachaes ortunately, the results are | imite

tnaferr éehdbltocmomomnc wohfehed esl. e dSanficeitiyoh bddeebSed
bwny d@f prutbmh i cati ons. Due to tWweoprimei avail:

able friction potential can be udiedecbeonuse
Thus, the force vector applied at the misal:]
coming driving resistances. Given that with
surfaces a friction coeffi ci eomtceopftoldd y s usua
accelwernaf &), which is insufficient for unsca
thermore, the discont i nwhiyceshncposn tfarcotm poonien tc ya ti

t o t hies neexxpected to causeg Vvéeeti®almpecsibamni or

23 Functional Saf ety

Of course, design engineers want to construc
statement .ddesafmaednyanavhasecondl vy, how can a d
antee hehpadsi bly very comphethengpnsteem iss asndhe
muote defined to anMary sthendanmrdd Rhestbhean
answering thetse giuestdenisgmnengi neers a gui c

84 Gong, Z.; Konigorski, U.: Modeling and Control of a WMDS (2017). p. 962.
8 Gong, Z.; Konigorski, U.: Comparison of Different MCA in a WMDS (2017).
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saf e ssAlslt essaf ety standards have i n common
safety is partially rather intuitive and
adoptheed r syst emétaruct odneasti efdn odmontichidget\é s ent ed
i hSD6 2,62 g2 2

Product:
functional definition/specs
concept study/early prototype/...

Motivation:
customer benefit

Testing and
validation

Safety
ltem definition validation

Functional

validation
Ideas/use cases/...

HARA
ty

System
Safe integration
refinement

Safety goals
& ASIL Domain-specific

design
Functional

Functional
requirements

Additional requirements:
packaging/assembly/...

Human factors

System

architecture analysis

System design
Figure2-14: Systematic design model for automated driving functfons

Starting in the concept pheaseehe fuse dg a sfend |«

by HahzeaAndRi sAls sessment ( HARA) . Freasn ahlkelries h esd
and a functional safety concept iequiervee-l ofy
ment s. Considering human factors and the
finally resulting i n a ¢tenhthnthhaea htgrsaadfiettiyo nca

(system dadiigmtaonddphm efishalrd RPadaeledlet ai | ed
knowl edgeEqah puire chi€n et r o | (EUC) is needed f
|l i shed safety goals are specific for the
design is preliminary. When theRAamesty Ilge a
adedhtedj| nagatursemendous effort i f done after
shortcuts help to accelerate the functiona

8 Graubohm, R. et al.: Systematic Design Considering Functional Safety Aspects (2017). p. 4.
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Concluding, three axi oms fcuamc thieo mpaols tsud faeteyd: f
1. Hazard i dentification is rather intuitive
2. The design of functional safety is iterat
33.A preliminary system design and wunder st a

HARA, al t hough t he dgeosailg nofa tshaefrnep rtstyesetsesm i bs
safetgsgabl sshedtdAROmM

I n the fhoel | moawg tn gfi o trsitactmedtly wit ahddamdes
| E€15wWi8I | be pdtesctkylieiddeé, basi c terminology tha
standing the risk assessment process.

231 Termi n¥l ogy

Consequdheeconseqguences and order of events

Control Abbiityyto avoid a specified harm or
tions of the persons involved, possi
measures

El ement A sysbempart of a system including com

hardware parts, and software units
Exposur &t ate of being in an operational situ

cident with the failure mode wunder an
FailureTeramt hon of an el ement to perform a f
Faul t Abnormal condition that can cause an

Functi oAMbsesakteby unreasonable risk due to h
behawifther tbt iec & Priorgir a/mhelitieEd E) PE
safredlyay stde ms

Har m Physi cal injury or damage to the heal

Hazard Pot ewmtuirale of har m c aubseehda \ibifynumall f unct i
eme(ndombinati on of failure and its <co

HazardoCes mévaemat i on of ao phearzaatrido naanld sai tcuattiiocm

Ri sk Combi nati on ofa tHh@o apcruorbragbriscker eayni do ¥
SaffeuryctA dnunctwihomch i s i ntended to achieve or
EUC, I n r esfpiecc th aozfa (ad bsupsescai¥ ehyy goal )

87 Cf. ISO TC 22/SC 32 Electrical and electronic components and general system aspe282630
(2011).
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Safety iTheegrobgbility of a system satisf a
functions

Safety @&o &lloepv el safetresuégunge ¢ otm. t s af HtA
functi on)

Severit¥sti matextefntt lod harm to one or mor
i n a potentially hazardous situati c

Situati Adnscenari o that c@&nl iofteuyclderi ng ar

232 | E€1508

The internat i6olns5dd 8 istFlwenddtair @n & IE Edss®fF-ectt hya b & d
systheamss first beenlhpulbslitiasnhdead diste 0ladbh 8.6 s ing
E/ E/ PEstshyastt epmer f or m saf ety f unccstuiedgrsg eamd t
't i s sUitkdnldes fodr ianldustry or Ipeocapgeltised s
hydraulic or pneumatic systems containing
self is not of interest in any functional
i cal strength -dfishaea $ s Wreesd gThhyémsatnbeowdosr .k o f
| E€15®d@Bopts an overcaolnprs asieda wdlgidfbgec ycl e

Concept ‘
v
Overall scope definition ‘

v

Hazard and risk analysis (HARA)
s

Risk analysis

Risk assessment
|

Overall safety requirements ‘
5 Safety requirements allocation ‘

_ I
v L 1 )
; Safetyrelated A4 \ 4
Overall planning systems: Safetyrelated External risk
E/E/PE system systems: othe reduction
Realisation(see technology facilities
E/E/PE system Realisation Realisation
safety lifecycle)

Overall @ Overall Overall
operation and safety installation and
maintenance validation commissioning

planning planning planning

Overall installation and |
commissioning

A4
H

v Back to appropriate

k] Overall safety validation ‘ overall safety lifecycl
¥ phase

N 14 Overall operation, Overall modification
maintenance, and repair and retrofit
v
16 Decommissioning or

disposal

Figure2-15: Overall safety lifecyclé&®

88 |EC TC 65/SC 65A System aspects: IE€1508 (2011). & ; b: p. 19.
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The goal of
determining

for the HARA.

events of

mor e, t he

ALARW®et hod

t(hieg B0 cepgto m@mlcayue re f ami

t he

THARMIZ] ¢ ®t idwed eo fmi mlee t he

the EUC and the EUC control
sonably foreseeable circumstand®Burtnite udi
event sequence | eading to
events ar eFidveet eirmfi mredati ve ri sk assessment
a gener al met hod, t he arliyssk sgr aph

as

and a hazardous, ewhpeteasvehetyi mRtgr,aph

whehe ti sk

i mab2de nd

assiSghedyt d ngSd T a b2ge.Lev el

Table2.4: Classification of risk parameté?s

Risk parameter

Consequence (C)

Frequency of, and ex:
posure time in the ha:
ardous zone (F)

Possibility of avoiding
the hazardous event

(P)

Probability of the un-
wantedoccurrence
(W)

C1
C2

C3
C4
F1

F2
P1
P2
w1

W2

W3

Classification
Minor Injury

Serious permanent injury to one or more persons, death t
person

Death to several people
Very many people killed

Rare to more often exposure in the hazardous zone
Frequent to permanent exposure in the hazardous zone
Possible under certain conditions

Almost impossible

A very slight probability that the unwanted occurrences wi
come to pass and only a few unwanted occurrences are i

A slight probability that the unwanted occurrences will cor
to pass, and few unwanted occurrences are likely

A relatively high probability that the unwanted occurrence:
will come to pass, and frequent unwanted occurrences ari
likely

89|EC TC 65/SC 65A System aspects: IEE1508 (2011). a: p. 27; b:
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W, W, W,
C1 g,
a e czes
Starting point = 1 a o
for risk reduction C2 F1 P2
: : — }—»
estimation F2 = 2 1 a
C3
3 2 1
Cc4
< 3 2
C = Consequence parameter ---= No safety requirements
F = Frequency and exposure time parameter a = No special safety requirements
i - b = Asingle EE/PES is not sufficien
P = Possibility of avoiding hazard 1, 2. 3, 4 = Safety Integrity Level

W = Demand rate assuming no protection

Figure2-16: Risk graph general scheffe

Table2.5: SIL: target failure measures for a safety function, allocated to an E/E/PEreddetyl

systeni®
Probability of failure per h our

SIL Low demand mode of operation High demand mode or continuous mode

(O1 demand pe operation (> 1 demand per year)
4 pmmto pTm pmmto pTm
3 pmmito pm pmto pm
2 pmmto prTt pmto pTm
1 pmmto pTm pmmto pTm
The f ouirotvhe rpahlals esaf e(Fy glkeeivited megprst & he s pec
for the overal,l is.aef.ettyhe egafiateynemequi r e me
functions for each h.azBhdaofuisf tehe spmisashe ey ldlec
tions contained in the specificatioe-to d
| ated systems and external ri sk reduction
saf ety Pfhuanscetze oglletal wi th tbBeopkanahing, ofmat |
safety validation, install at iroenl aatnedd csoynsnies
that functional safety imi mait)d aarireeadeen TEH & /
ot her t echmnell atgeydagssafsmitregmsanal ri sk reducti on
i ng to theTheexvdrialaltiiomstall ation and com
the overall safety validat i gann da nrde ptahier opvhea
the system is inodtifiigger epdmaadme 1t et prtoed s

% |EC TC 65/SC 65A System agects: IEC61508 (2011).
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appropriate overall safety |ifecycle phase.
or disposal of the system.

233 | SP626 2

The internat2ied®iB2li tRicwrdim vigshl nccltai soffiestl yadapt ed

from téhle508ECF or tthoe E/pE/IRiEnNnadty koetnemsat omoti ve |
where the 1 SO ndhm irel wit de hglh5uls8e tlios trhoet ilcEeG
throughout the standard, alt haugphhedlamex -si gni

ampl et he risk graph i1 s nor maftorv er iasnkd etvhaelrueaftoil
t he 2162@® 8. additthieomi sk parameters and their cl
and amended. Finally, thesAubhbomotuwvedSafety
Still, the BEVob/lW K toecimaste saroen i nstall ed i n seric¢
ger cars [..] [and] does not addré&%s unique

234 EN SO3849

EN SD38%i 9 a saf,tt ySladfkatnyd aorf-dSmé-edlyated parts
control( SsSRyPs/aCeSise mer ged ENIrpdnwinviees hDIli M st publ i s
in 1A%7the title already implies, the applic

constobubctmayesbeuappli ed to all .Steiclhinoltohgei eosr i(
i nal purposeioft enmide ds f @amEINNSOB BB yr. i e onl y
one process for risk estimation, thhee risk gr
overall meedodhdbhhieskpeci al met hod of ri sk
within thkeg@Irahdasdt bduptbblprspr eblayetdhe
ri@dksessmehnitch can be divided into the risk
of mac¢hihmeray d i den stkifneasdaantdino)ni,s kanedv al uati on

911SO TC 22/SC 32 Electrical and electronic components and general system aspe26263(2011).
a:-; b:pt. 3, p. 1.

921SO/TC 199 Safety of machinery: ENSO 13849 (2015).
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Determination of the limits of machinery

I
A 2

Hazard identification
Il
Risk estimation
] !
Risk evaluation
u No

Has the risk been
adequately reduced?

No
Risk reduction process

1

Risk analysis

Risk assessment

Are further hazards generated?

Does the
protective measure depend on a
control system?

Yes| Iterative design process of safetiglated
parts of the control system

Figure2-17: RiskreductionprocesgerEN ISO 138493

235 | E/ICE6I206 1

TheEC/6EN°6tli tSlasfdety of machinery: Functione
tronic and eplreocgtrraommacbh lcese nt nokendgdt emshel p
tionalf osafaemmtyy El ERPEkspassemsment i s ,not in
whidcerscri bes onl,y qurmadneit hfoalrvieatri ¢ eesrky ewiarhiula
to the ri sKkregsrualpthi nnge tihno dg 6S1l5L0 8a, ¢ cwhredri enags tt
parameters are i1dentical although with fir

236 | E€1025

The dIEW®2t5i tFlaald ¢ al ysi,de§ ETAbPes a met-hod to

| elveevents (e.g. fail urleesv)elt heavte al se @ad watnek i anng
tive failsuBeoheahybogic i 3heseethodlisakes
useful when anal ysing compl elxe vseyl sniedvtesn.t B e

93 Cf. ISO/TC 199 Safety of machinery: ENSO 13849 (2015).
94|EC TC 44- Safety of machineryelectrotechnical aspects: IEB2061 (2005).
9 |EC TC 56- Dependability: IEC 61025 (2006).
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known prior to the analwistihsi,n tahney noeft htohde iasf osr
functional safety assessment methods but <can

237 | E€0812

The d®E8It2i tAlned ysi s techni guies ofc@frdkesiylsutreem r el i
Mode EAhddonabysi sdé¢FMEIADes a failure analysis
ough review of component s, Sums cothdnmsa,r yanad |
FTAas an inductive failure anal yisliwsr ed hanadnet
evaluating their causeRiaMoaddexcHdf)ect@® jdmantdhe s
i caAniatlysi s (FMECA) also evaluates the criti
eveBtace the method hasdgmhmeeth odda yHtA R/ ende tihn- t h
ods are nPMEEL) dn a

24 Accumul ator Technol ogy

Due to current tieddshegde hel apmemots yveed of
has rapidly i ncr eFasged &@hwenrs tthe paosve ry eeanrds .e ne
of commonly used energy storage systems in a

100000 -

10000 - Hydiatilic

1000 -

100

=LA NiMH

Power density W/kg

-
o

1 i
0,1 1 10 100 1000
Energy density Whl/kg

Figure2-18: Ragoneplot of commonlyusedenergy storage&’

% |EC TC 56- Dependability: IEG50812 (2006).
97 Beidl, C.: Lecture Notes Combustion Engines Il (2017). ch. 16, p. 13.
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For mobile appl whatil ends molti b mase DS cru
Fig2¥&an be seen that hydraulic -€Eapsggretc
in deficit when it comes to energy densit
similar i n peweaéb-benesliltsy,arwe superior when

density. Current -ptrroednudcse di, h dytedar gaothey tmema s ¢ i
phosphatteit dnltithehuiinuen madgameasedutt®®heum c
Advant argee oluisggneeerrgy and powiet h die iomaenlt ly$ hteh an
di sade@mtaoagr mal and ®tectbéechandeeditnvat
ronment ionf wihn @fessi onal s ain @&smaiacktraifgrei ncoa ri
ownseri nally, the cost for battery cells ar
ades, which mébloas dt lhesearman onfo r enFfi g&% Bb Il e,

F 3

Battery technology generations a >

[EUR/KWh] Conventional lithium-ion technology
220 -

Advanced lithium-ion technology (gen 3)
200

180 All-solid-state technology (gen 4)

160
140 4 Upper forecasts
120

100 A Lower forecast

80
2015 2017 2020 2025 2030

Figure2-19: Costforecast fobatterycells per Roland Berger Gmb#H

Anot her fma&teoorn stihdaetrtelde desired amnudatti hbher o
with, the amount of ener g¥rl ytphi acte bneugsrtc hbeer ss t
the guidelines where dr i vmisnusthesurmidn ulheeskO
br ea®$n any case, the ¢boaledxscinedeudlt @t imo mi ent 3
the risk of YiTrhwisat emesiggkseppl ied by the
desired t o dneaxsiunfufm ceixepnetr ifaiern tu netuicla ntuhbeat o f
must be recharged or subst.ituted by a full

% pfaffenbichler, P. C. et al.: Electric Mobility in Austria (2009). a: pp. 19f.; b: p. 19.
% van der Slot, A. et al.: Integrated Fuels and Vehicles Roadmap to 2030+ (2016). p. 37.
100 Fisher, D. L.: Handbook of DS (2011). p.-1%.

101 Johnson, D. M.: Review of Simulator Sickness Research (2005).
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25 Latency and Human Motion Pel

To reach a high i mmersion of the subject, al
ulus as they would in @oméalofvetieclomgoNagermr
FZD is to provide a novel simulator platfor
rendering that -odirheer it nD8rewhetei stahes thesi:
i nvestoifgathieonmot i onorpd rd afrenay caer amidt ect ur e. F
concl uded tumater st aommli wgmathiien therséca&8gti on 1 s
motion is only directly, pedsevwivield bbey dtehsec rviebs
foll owedumymary ofcept bloins d raine eédvall thad i oml o f

of | athnempaysenger <cars

251 Vesti bul ar Organ

The vestibular organ is situwbadgem dwel liinmg
ter méedacdleec sl evé Ihiseawsii r cul ar |coacnaatlesd, ienacahnot I
orthogonawheleaae utricle and sacculreusanse t
canals rotatiFing2li2kGaccel erations,

7 Utricle

Vestibular nerves

ochlear nerve

Semicircular Canals
of the Vestibulum

Cochlea

Figure2-20: The vestibuluri?

102Kroemer, K. H. et al.: Engineering Physiology (2010). p. 79.
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Utricle and saccule are pemaendidhel anmacan a

composed of a gelatinous | ayer, i n which
| ayer of cal ci um csotnattaoocootnoigai @ posnacs | aalolf
i's oriented horizontally, itnlheeg tmac wifa tdfe <
causes the sensory hair cells to bend wher
t in

Rotati onal mot icon sitaes ampidd @ygnewbhacech rs e mi
cul ar canal , per pweanldlischud ac r it 0t a eh ea ncpaunlall asr e

similarly tTof thegemhauilcma@uwd amaswbj chheensor)
are embedded. Whemheénhde | tylergpichd | soir bdh @It & ® gpec a n
i s fl owing, causaireg Bhd thiestambedcpd! Isens
thsensing rot!dtional velocity

252 HumaMot iPpenr cepti on Threshol ds

The definitionhoktsétshtddsstpenveptsi éask, as
by Fi%acnhde tBetTzhi s is due to m@hisfuochd asn:f | ue

Duration of exposure
Subpe®txpectati ons

Subpe@pthysical condition

l ndi vidual sensitivity

Di straction

Il nformation from other sensory organs

=4 =4 =4 4 4 =

For the sake ofparoasihleitteyamg paerdceptmi on th
within this thesist%fasnatntbedyy :were used by Be

9 Maximum tilt anglec¢tidmQ

f Rot at i ointayl tvherl eosch o | @O

1T Rotational accel er atdon threshol d:

f Transl ational accelm@irti on threshol d:

103 Csillag, A.: Atlas of the Sensory Organs (2005). pp. 10f.
104 Fischer, M.: Diss., MCAUr eine realitatsnahe Bewegungssimulation (2009). p. 14.

105Betz, A.: Diss., Feasibility Analysis and Design of WMDS (2015). pp. 14ff.
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253 Latency

Two threshol ds aire tdled i metdiAdmluipypisett em clyower

| i btvi ously, the upper | imit is defined by t
car which i sd3fsuhdrtbobegimsudfimrall atnBdg allO Omot i ¢
must stay bel ow 2t.h5). $8e e da heg® (seatlismn a | owe
cause motion cues must not be provbdedgprio
60ns( sec2t.i5om3.Whil e theruwppalr domfuliil, t he |
al so be reached by adding artificial | atency
2531 Vi s Cales

Two types of visual representation systems ¢

projector tecmanwntogd dindp |haeyadd. s fFloiaty ecoohnrvent i o
nol,d@ay ency refers to theitbMimet spdnspblrawmi nd e\
changes resultingsfirmaétmniclye all sputr eflfeors HMDt he
us®r head mavempdmrmtyitna vi sual changes resul tir

Literature reports ishahte atdh emadyeetteecnttri eodnu coefd tthoe
thams10f optical sensors are combined with a
aboumsf®0 presenting the head®mooement siuwmdy h
showed that | antsemcice pemtppe i D& kphhots, the | a
t enicny t he moits oeh@ siycs tlean wi t hmsn tt ans2l6oavege of |
motil@amency bears no advantvaigseutasiimue¢ @ st heakeal
| eagnsald®d t he motion cue must not) be represen

2532 Acceleration Cues

The control i nputisi narteh egirveeanl bvpe htihcel ed Ga sv &wheul sl
|l atency in the motion system i6Bs adcecfe lneerda taiso n
demand (by brake pedal, acegttertahe oacpedlal pr

tion of the demaiidelda ya cicre Iraeapadeliseermattaifoyi@d s d e d
to be sufiffircda emallwed oawr e bahd wwitlhloslkee off efaenr ree

Accel eration Cue bayvecage( ACh)Y er al or |l ongi't
needed for calcul at iM@A tahned cMh tmuwst ine ua sc au
Al so, i b ass eh wseihcdscl e model i's used, i nher en
el aborate tire model that takes teol &Xati on |
Thus, a | atency moeéelMCmi gltselmbl|l negdad fierdt
Whereas the | atter issue addresses the contr

106 Berg, G.; Farber, B.: Vehicle in the Loop (2015). pp. 160f.

107wildzunas, R. M. et al.: Visual Display Delay Effects on Pilot Performance (19963t.feierre, M. E.
et al.: The EffectsfdLatency on Simulator Sickness in a HMD (2015). p. 1.
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the | atency added by <calculating the cont
i nvestigation

25321 Longitudiaal oAc€aker

For | onweh imalli aa&frc,el er ati on and accel eratior
tency in deceleratisam iof dhes photakeispad by
ti (fRe g2} which depeadtontiloa bmakésrce tr
The response time is the time span from br
decel erati-wpmi m&@hesbuhédti me span from the
celeration. Pass20Omperf odarb®d 0U &bu dnlgll yJu pvedd c |
atiocon ( ™MD Y8 which wWgdemedsi mindengi t udi na
erati oncdfthet slnet espan wil lo pba&nd &t etr eerdg etto
accel erati ondncdcird a be@®ori AfQbACSk, R ihge2a Je.

Deceleration
A

) -

) L # o, T O

0 0 0 Time

Figure2-21: Deceleration during braking, ddreuerandBill 18

For acceheraanabseni s more uncl ear since no

atwmmal a difference is expected for vehicl
combust i oSnateon@eatmaasiK.a wa mlrreas eeatr caleed a hi ghl
acceleration control for electric vehicl es

tem. To prove the effecti memsus eadf tthieeiarc ce
response of an el eqgtnrnd wveplyncogl éitaksesan ¢
clwhen fully accelerated fromksnt &ndsatnidl If,r

108 Breuer, B.; Bill, K. H.:.Bremsenhandbuch (2012). p. 17.
109 3ato, Y.et al.: High Response Motor Nissan LEAF (2011).

110 Kawamura, H. et al.: HighWResponsive Aceleration Control for Nissan LEAF (2011).
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coasti kiog/Haatj eX0 provides the same measur ement
noeuvre from cokims/tando Hed V& nMo BaMW3¥lc tai veE

B MWE 9192 anBIMWE 812! Appl ying the same criterior
(I AGb,t i me wihhemf 5t0ar get accel eratiionmi tiisatrieoanc h e
t i me) t fveael liudéss b2l6:e

Table2.6: Latencies for electric and internal combustion engine vehicles when accelerating, cf.
Hajek1211® Sato et al'? and Kawamura et &t°

Initial driv ing Electric vehicle Internal combustion engine vehicle
condition _ :
< p Vehicle < p Vehicle
Standstill 100ms  Nissan LEAF 400ms  Gasolinepropelled equivalent
L 145ms  Nissan LEAF 590ms  Gasolinepropelled equivalent
v Al I8OO
c 1t ITE 250ms Tesla Model S 500ms BMW E92
280ms BMW ActiveE  360ms BMW E82

Coasting 20 km/k 135ms  Nissan LEAF 525ms  Gasolinepropelled equivalent

Unf ortunatel y,r unbeduuetaaSdart d>meemt sad & slve i | |

| ongi tudinal accel eawxsatpiromy dpprmaxiormratveley i 210 Q
confidence.Eivirent morregsdlattsency from standstil|
tency from const aBretc adursiev itrhge ovra baicasss tbionugnd t h o
electric vehicles ames el ¢ wbthatsedf alsr alpipreg,
when thei $ ACLed for evaluation.

25322 Later al Accel eration Cues
For Ilvathemaatiétchre, t i me s p awh eferl o mh hptuda mradna
and/ or | at eirsalusaecd etlcereatdlonat e the | ater al r

car sLitreemanutre valmesarmmebd Wie&m LBRorms tars anc
19M@s for regul aml pastaerdefromr $he frequency,
sponse between yaw rate and steering wheel a
respondThusssl 06 uupspeedr f @si mA&tbeercanluse t he pr i me
pur pose of iamuDSaties (snpaotrr ritasd cshrr idwvyepro tbheehsaivsi oHilr. 1
sectli @n3iTsh ti me span wi landcetlireedreirare doft oamsi n

i netyraam e and/ or lasst bBrtidelc agyy@d enlf elg A @QlFd n

111 Hajek, H.: Diss., Langsdynamik von elektrifizierten StraRenfahrzeugen (2017). a: p. 70.; b: p. 73.
1123ato, Y. et al.: High Response Motor Nissan LEAF (2011). p. 8.
113 Kawamura, H. et al.: HighiResponsive Acceleration Control for Nissan LEAF (2011). p. 5.

114 pfeffer, P.; Harrer, M.: Lenkungshandbuch (2011). p. 140.
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3 Wheeled Mobi | e DrPirvoitnog
type MORPHEUS

The basi c cao mcheepetl ebde hribrads olde basex pBaknéd i
At F&ZDscal ed pwhoeeolteydo emoobfi lae WaiDihia s g b & ie mu |
designed and manufactured for investigatir
is call ed WhORPHEUS,t Mo baGnmoRdym iBFbam f or m f o
H ghly dynEbidnd drSdmuhgt i on .d eTshci MO BEBhBREDU S r

and its sochhaectheereader i ef efnaalbsliefdi ctaot if
experi mewhseef ed tmdbretdheen desseghedy &ahehitect

31 FZ8B8 WMKE8Bncept

The concept idea had 'taddmedevelcoet WP tBef
concept is an omni dnognelcse@pmap elpll ad faomdn &d t
infinitely steerable wheel wunits. Thus, th
iI's dissolved andeyawl dD@F oinal dryeataed, nif mmn ¢
Ssimulation capabilities. The tiltdsystem
t hdD&®Od&, namely pitch, roll, and heave. A ti

3.2 MORPHEGMSR s i gn

However, in the concept design for MORPHEL
me nitiskef fi ci ent system dynamics for urban
costs, ease of manufacturing, and/wasavail
chosen over a tripod, because the padhge of
and the additional BO#. cmamins vienqpdorant algee u

excitation due to uneven road surface or
detail ed MORPHEWSVeh opiment can beé. found i

115Betz, A. et al.: Concept Analysis of a WMDS (2012).
118 \Wagner, P. et al.: Potentials and Limitations of Hexapods in WMDS (2015).

17Wagner, P. et al.: @ception and Design of Mobile Drivirfgimulators (2014).
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321 Whedlni t s

For the pl,ahtodmcdesoghwaeemadeai fer, On t he
costs ar e decrtehavedesde |bneuctntutsgeu roml aysed and manu
and on the other hand the calculation of whe
would require active stabilisation of the s
crease the footiphd nrte soull ttuhmagtipadestHiBgrmgru i @

31, wher easuniGite e sMoeteocri n(geeMd) r baonxd o cGBo e ratrrei cal | y
with the steer un@BMxainsd aGBd atrhee adxriiaviéd y al i gne
axis of. rTohiast iloeeps theredousesudthieomosnemp| e f
arounsdt eteBrBsn @ xi s of rotation to a mini mum.

a a
l : I .
A %_ i

s %-

00 -

LSS SIS
Figure3-1: MORPHEUS' wheel unit design

S

Presns band tiimershrvegnh hvéheical stiffness are u
tires with the aim of reducing unwanted pitc
iI's designed without spring and damper and noc
design si mplce eaartd ®dBesta uesfef of Wi omnii hplriees i

an infinite cd,eeadamperangdred caster are unwant
ani sotropy to the tire force transmission. F
cated smnusgpesnisgns to account for vertical exc
3.22 | ndd wal Component s

Ma dteme a ssulriep f riomg i e Teocrh caornet iuswleadud§ power and
signal t red redgfremodatamrgle h elbMA XU ¢20439r ol |l er bea
i ngeabl e the steerAlsig eleOF coofu ptihiengeshee |l STR Ra

40



3. MMORPHBW&s i gn

N
an
ar
Wi
fr
Sy
Dr
fe
Wi
toi
tr

60 NNZ ar egkeanstboarkg ueed oautt ptuhte t o account f
d negligent assembl y. Fur ohser mwhreae, ctolue |
e I ntTmheexapeddpurchased from Mevea and i
finho b a&akcltausaht Mo slkkpi Sheour chased from Fanat
ame on which a -paicmnihgsafaty wh@hE as o uvonud u
stem and three ASUS VE276N DVI monitors

il ver i nputs are measured by a ClubSport
edback, and ClubSport CSP V2 pepdeadsl (cl
th ABS actwuator and | oad cell (adjust abl

ometer (adj usTtaaBlgei viens raens iosvtearnvci@e)wi .\oe M C
ain components from energy storiage to foc

Table3.1: MORPHEUSO6 drive train components

Component Value Unit
Accumulator Number of cells 144 A
(reproduction of TU Darmstadt .
Racing Team e.V. (DART) lith- Nominal output voltage 532.8 V (DC)
ium polymer accumulator) Nominal output current 140 A
Maximum output voltage 600 V (DC)
Maximum output current (26) 200 A
Capacity 10 Ah
Electric motor controller Rated supply voltage 700 V (DC)
(Z%B;Tek BAMOCAR D-3-700 Rated output voltage 400 V (AC)
Continuous current 125 A
Peak current 250 A
Electric motor Peak power 100 kw
(Enstroj EMRAX 228 high volt- .
age aircooled with LTNRE- e 22 kW
15-1-A15 resolvers) Peak torque 240 Nm
Continuous torque 125 Nm
Gearbox Transmission ratio 5 A.
(Neugart PLFN140-5 with min- -
imum backlash option) Max. torque aHtime 1,200 Nm
Max. torque shoftime 1,500 Nm
Tire Radius 0.15 m
(Gumasol Softy 300/785 with :
madeto-measure rims by Pneu Width LdoTs m
hage) Vertical stiffness 1,036 N/mm
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323 Har dwa@dy®tem Architecture

Fi g82aenki g83sehow t hter gprosafeegpre dait aelt y am<rmiissi on
tecture for tohteotM@RPHEUS pr

6 x motor controllers for
electric motors

Central control unit

computer(s) for visual
Measurement unit fa oustical representation

motion quantities

Auxili

) Traction battery  patteri
Power electronics & BMS

for tilt system

Tilt system

]
&BmMs !

Provisional safety system

Legend: e=e= 12/24V e==230YV 532.8V === individual voltage

Figure3-2: MORPHEUS' powetransferarchitecturé'®

6 x resolver and
te ensor 6 X electric motor position,
[ gltage, and current

Central control unit Host computer(s) for visual and
acoustical representation

Visual representation

LN
Acoustical

Position of representation® . R

linear actuators

Translational acceleration, | I

~ Position of rotational velocity, global | ° HM i
linear actuators cosition, translational velocit Steering wheel, brak
T . . bedal, and acceleratic
pedal input
Traction battery status, uxiliary battery
voltage, and current Provisional safety system atus and voltage
| Legend: sensor cable USB and other protocols: == CAN e== . Ethernet

Figure3-3: MORPHEUSata transmissioarchitecturé'®

118 cf, Wagner, P.: Master's thesis, Aufbau und Inbetriebnahme eines WMDS (2013).
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3.Motion Cueing Al

324 Summary

Fi g8&#4sehows a photograph ofwitthhe IMORtPHEIUSd pp
safeteyn,syasntd hexapoduypalsAtptwilt ROUWt5 . mo c k

& \M!lll\lﬁ 3

e

Figure3-4: MORPHEUS prototypg?®

The maxi mum height of the platform triangl
l owm2. 4vhi ch makes t heviparouictkkey pei tCremngpot h
Of Gr €0fhity @n 4a8nld ott lad mass of MOGWPRHEWA SI S
témass di stri biuhtei ore xitBaduplBdt b osni sent up assur e
ing stability for horim/oxmjt,alwherced de rtattia cotnis
coefficient is | i m%édad eeo Anatemeersi fonfa aa b count
noeusedy i ane driven wiltdotutohieg s pomod @owkejr
resulting in a rne dkbgBPed vs Nt epmrmas snamfce i ¢
Tab33e too.

33 Moti on Cueing Algorithm

3331 Structur e

AThe applied MCA is simil amatld d@@A’c| assi
(Fig3#f ecal cul ates the target DS states tha:

19Wagner, P. et al.: Potentials and Limitations of Hexapods in WMDS$5(2 p. 132.
120Betz, A. et al.: Konzeptanalyse und Erprobung eiW&4DS (2014).

12176ller, C. et al.: Tire Concept Investigation for WMDS (2016).

122Betz, A. et al.: Motion Analysis of a WMDS (2012).
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cue input. The-igdependent faeqeeByrsgt!| oai sgmul
the frequency gap of t hencMCA,s tnhoe |cornegaetre ds udbrj
occufrieggenci es.d déeadde pe o0&l dealistic @seleratione

simulation at the cost of increased workspace demand. The characteristic of the new MCA

suits the systermmanent motion capability of th&/M D S'#®.

=(V) ~(DS)
Ay a I aDS,ref\
| <caling 'Y g
53
| Tps
+y 1 1
Os—] Lpsf—H— (<Ogl = |
v d
Rate Tilt =(DS)
2 Lt P limiter coord. TC
20— — ;
—> . S
Scalln$ E(V) + E(DS)
v DS, ref

Figure3-5: "ideal" MCA?®

332 Parameterisati on

ThMCAf eedbaak egdiumed for urban BrlvRRgr scense
detail st see Bet z

9 t+ 18 W
1T 1 p&0

ThleowPas(sLP) | taef LPR@B1Lf drsmtuned depending on t|
factor dndviumpaswbebeaparsf er sthrteos hlo210d vi ol at i
per hour ssTeamhBPeat i on,

Y
p cQ i i

(3-1)

123Betz, A.: Diss., Feasibility Analysis and Design of WMDS (2015). a5fp; b: p. 51; c: pp. 538.
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3. Motion Contr

Table3.2: Parameterisation of loyass filter independeneon urbandriving scenariognd
scaling factor®

Urban test drive # Scaling o v, ”,_v
1.0 1.49 1.60
1 0.7 1.16 1.33
0.5 0.93 1.14
1.0 1.49 1.60
2 0.7 1.18 1.34
0.5 0.94 1.15
1.0 1.38 1.49
3 0.7 1.10 1.26
0.5 0.88 1.09
1.0 1.34 1.44
4 0.7 1.07 1.22
0.5 0.86 1.05

34 Moti on Contr ol

ThECtransl ates the motion signals generat e
actuator s, namg | ya dd i svtee drojrmau eenaggd lese t he

not itmveésetigated within this work, only a
cess is given. For a'?hetdaiBle¥&® @¢sadipti on,

Constraints:

T Equal expl oi t étriiocnt ioofn tchaep awbhi € e It sy
T Linear tire characteristics

Process:

(0.Transformation of acceleration and yaw
by test person) to acceleration, yaw, ¢

124Betz, A.: Diss., Feasibility Analysis and Design of WMDS (2015). a: p. 58; b: pp058
125Betz, A. et al.: Concept Analysis of a WMDS (2012).
126 Betz, A. et al.: Driving Dynamics Control of a WMDS (2013).
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3.5

A c
gua
for
con
tur

3.6

As
t he
abl
a p
veh
for
to
tir
and
mo t

Transformation of acceleration and yaw d
force acting on and a yawbG.orque acting a
Transformation of the yaw torque to horiz
equal expl oid aitacm nc a(wrbdnhderi tcyornessi der at i on ¢
wheel alndadc=s) cul ati on of the overall requi
Calcul ation of kinematic steering angl es
from t h®y awMD&te and velocity vector.

Esti matiionudofnallong re forbesed@emamayv eamal Is| |
required tire force and the kinematic ste
sation (ltimedel ) ater al

Calcul dri@oe ombtor torques from ttlmegitudir
dynamic tire radius.

Calcul ation of steering motor angles from

Control Architectur e

l-losepcel eoatirohl er has bee'b dceovuelldo preodt by
rant eien stthacbo  MORPBRHEUS pr o4 obppeonSirotei s8one
t he scope olfo aphciesl exhaetsiriash, iasT huesperto tionrst e a
troll ers are tuned accor di ngomaon utfhaec -v al u e
ero,l Icionngt rt h e 6sepleeecdt.r i ¢ mot or s

Scal i ng-St aeFWMIDS

mentioned earlier, the MORPHEUS prototype
sfcall le WMDS concept with the intention of
e to investygaBesif@easi bhe scaled size, th
roper cabin on MORPWHEIUSAd Biexcmluasye ias hcewgh t
icle cab is used on MORPHEUS and the HMI ¢
t-sheea lfau IWMDS | osed dome and-up wi mpl bei eadenx

enable the usage of wvirtual reality met h
es could be found that can ful fil the re
desriardeidu st.i rTehu s, a twin wheel solution i
ors, and aewalmudtagdramd eamended to ful fil

127Betz, A. et al.: Driving Dynamics Control of a WMDS (2013).
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3.%cal i ngitze PRMMDIS

turning stability, experi mdgabld3daopbpasi ohe pe
rameters t hat r-ecal eedVMD®r comcesptf ucdmpar
MORPHEUS:

Table3.3: Properties of scaled MORMPS prototype compared to the fsitale WMDS con-
cept

MORPHEUS prototype Full DS with enhanced vis-
with reduced visual repre-  ual representation system
Property sentation system for valida- for DS studies

1eiA) [(EBeS (DS application: studies

(motion base researchy3!2° with subjects)-*
Overall mass 1,302 kg 2,604kg
Cabin®! 173kg 393kg
Hexapod 145kg 350kg
Frame 576kg 347kg
Wheel units (incl. suspensiol 600kg
Power supply & electronics 208kg 674kg
Emergency braking system 200kg 240kg
Height of COG 0.48 m 0.796m
a 23 m 4.8m
Overall height 1.95m 3.42m
Wheel radius 0.15m 0.281m
Maximum accumulator power 104.5kwW 300kW
Accumulator capacity 5.3kWh 40kwh
Traction motor power 300 kW (Peaksum) 690kW (Peaksum)
Steering motor power 300 kW (PealSum) 690kW (Peaksum)
90° steer step delay <0.1s <0.1s
Max. acceleration ~8m/s? ~8m/s?
Max. velocity ~12 m/s ~20 m/s

128 Cf. Wagner, P.: Master's thesis, Aufbau und Inbetriebnahme eines WMDS (2013).
129Betz, A.: Diss., Feasibility Analysis and Design of WMDS (2015). p. 79.
130 Cf, Hein, E. et al.: Advanceesign Project, Entwicklung des unskaliert¥iMDS (2017).

1311ncluding test person, modakp, air conditioning (only for fulscale WMDS), visual and acoustical rep-
resentation system
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4 Met hodol ogy

Thcheapter describes the experimental setuj
experiments of the whea&h4.d8dnoopttietla ofbreosne e { s
al).Sectdiddmscri bes the risk assessment proc

4.1 Power Demand

The dri vestpolbwe rsunf f t bneaexnitmutno apcacoet! i edraaxti i mounm

velocity required to rwiptrhe sceonmmmaourr b&end Idirn gv i
identified the maxi mum acceleration and ve
scenathodi wierent scalP®* n@nflactthres MCA sinmu Il
ti dna8ndll.)4 were used for determining the vel
fore, theoresniftsgseaced by the fact that Be
unscaled WMDS. The results of all/l four ur
interpolated with a |Iinear regressitmommg when
di aagraagai nst t hFei gstitrachEing42fien etsad t i nfgunon- a p
ti onhsecfal i ng dmxponewi taf :the sl ope val ue)
10’ :
N —
I j‘__—-
c Regression line: slopemax=1.19
é, __e_.-—"—_-_‘a ® A ax
%100 —— —-uRegressmnIlne:slopeQ90=1.22
2 TIIs aam - O g9
E <’___..---' - ===« Regression line: slope _ =1.46
§ oamean
<
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Figure4-1: Power function regressioa for acceleration and scaling factor in urban driving sce-
nariog3®

132\Wagner, P. et al.: Power, Energy, and Latency Test Drives with MORPHEUS (2017).
133Betz, A.: Diss., Feasibility Analysis and Design of WMDS (20&6)p. 105115, b: p. 109.
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10
‘E | == Regression line: slopemax=1.87
£ 4o e B X Vmax
2 — o — | -==Regression line: slope_, =1.82
% T—-——_ $ SR O Vago
g 7)) SHNSUPPITTLL. Ll S N N ) Regression line: slope___ =1.96
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Figure 4-2: Power functiorregressios for velocity and scaling factor in urban driving scenar-
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Therefore, a Matlab Simulink based power/energy model is integrated into the virtual
prototype and improvements are made to the IPG CarMaker model (deetidrfor

identifying the power demand (secti6r?). The model takeseveral effects into account

that can be grouped into focategories:

1. Electric power demand of electric motors and motor controllers

2. Driving speed dependent power demand from driving resistances

3. Mechanical power demand from steering and-akdningtorque

134 Betz, A.: Diss., Feasibility Analysis and Design of WMDS (2015). p. 109.
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4 Energy Demanc

4. Mechanical power demand at wheel hubs, accounting for slip losses and transla-
tional as well as rotational acceleration resistance

These effects are parameterised by conduc
experiments, hmédisag &tbdhnpetcaex@glenati on ex
ti®nl. Wi th MORPHEUS and @ea&anerigry§ dipime npl e
strdiigket dri vi ¢ erbh.nlg &lu.ivensst ant @arcoeoen-er at |
ductedverify the powee. hodel (section

The aspegbower demanéalsifies hypothesisH1iFZDo6s WMDS concept ¢
resentthe required maximum acceleration and velocity amplitudes with-ctdhe-art
technology

42 Ener@egmand

Energy isconvertedoy the platform, the hexappand auxiliaries. Because the available
driving area is not sufficient to drive unscaled urban driving scen@action5.1.2 with
MORPHEUSI which constitute the most realistic application with maximum eneegy
mandit he virtual prototype i s udemahdyinte- det er
grating the power model over time.ditesulting energynodel isvalidatedby conducting

scaled synthetic and representative manoeuvres (namely a 90° turn, a figure eight, and an
urban driving scenario, sectiobsl.1.45.1.1.5 and5.1.2 with MORPHEUS and com-

paring the measured energgmandto the simulated energyemand(section6.1.2.3.

Finally, the maximum energyemandof MORPHEUSIs determined bgimulating un-

scaled, representative urban driving scersawih the validatedenergy modelsec-

tion 6.3.1). The overall energy demand is then calculateddalyng the estimatedemand

of the hexapod anthe measured energfgmandof Low Voltage (LV) auxiliaries (e.g.

safety systempower electronics, measurement technoldggytion6.3.2.

The aspeatnergy demanfalsifies hypothesis H1.if the results from theerifiedenergy
model prove that unscaled urban driving simulatannot be representedth stateof-
the-art accumulator technolodgr at least 4, considering statef-the-art technology

43 Accel er atLiaotne nCuye

To identify the worstcaselatency in the motion system, synthetic manoeuvres are used

with MORPHEUS. Because of the omnidirectionality of WMDS, the latency require-
ments cannot be clearlywiiled into longitudinal and lateral motion. Even more, latency

i's expected to depend on the wheelsd orie

51



4Met hodol ogy

longitudinal motioncues In contrast, a passenger car has a distinctive orientation, hence
latency is dferent for lateral and longitudinal motigranddifferent measurement indi-
cators are used fatetermininglateral and longitudinal motion latencyherefore, the
manoeuvre with the worsiase latency must be identified for MORPHE WiBalysed

with thegaining and 504 criteria for ACL,and evaluated for the minimum acceleration
latencyasit can be found in passenger cars (seci@n3.). Sectiord.3.1describes the
difference in latency between WMDS and passenger cars in detail and therewith identifies
the manoeuvre with the worsase latency for MOPRHEUS. Sectigh8.2to 4.3.4de-

scribe the experimental setup, the evaluation methodalodgive a conclusion, respec-
tively.

431 Latency in a WMDS and in a Passeng:

Latency ina WM [a&éleration representation arises from delayed force transmission

in the desired directiohis delay is influenced by the response behaviour of the electric

motors and by thevh e e | uni t soé c urThersponsetbahdvieurcafibeoper at i
influenced by the control parameténst aretuned iterativelyThew h e e | uni tsé stat
operaton is strongly dependent on tleirrent DS state and can be discriminated into

sevencases in dpendence on th@w angleacceleration demandnd WMDS velocity

1. Identicalyawangle in D®COS as in vehicle €0S
1.1. Lateral acceleration demand

1.1.1. WMDS drivingvelocity well above zerd:ike in a real car, slip angle must
be generated at the wheels to build up lateral tire force.

1.1.2. WMDS driving velocityclose to zero: Wereas the vehiadedriving ve-
locity is high enough for building up sufficient lateral tirede through
slip angle, the WMD®8wheels muste-orientateso that they align with the
desired direction of motioto provide the lateral acceleratiosingthe
drive motor For reorienat ng t he wheel s, the steer.i
t or gu e, drill thrque and theandreent of inertia must be overcome.

1.2. Longitudinal acceleration demand@he drive motors must only overcortige
dr i v e fristionitorgdesind moment of inertialThe remaining drive torque
can be used for acceleration. The driving eglohas no influence on latency,
given that the motor power is sufficient for accelerating.

2. Different yaw angle in DS COS as in vehicle €0S (can only occur with a leow
frequent acceleration demaAdwashout is active):

2.1.Lateral acceleration demand
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4 Mccel eration Cue

2.1.1. WMDS driving velocity well above zerd ateral tire force can be gener-
ated by slip angle, although the wheels must barientated first by less
than 90A, The steering unitbés fricti
ment of inertia must be overcome.

2.1.2. WMDS driving velocity close to zerdn the worst case, the wheels are
perpendicular to the desired direction of motion and must-beestated
first. The steering unitos friction
of inertia must be overcome

2.2.Longitudinal acceleration demangd:2.1 and 2.2.2sawith lateral acceleration
demandcase2.1.1 and 2.1.2)

Clearly, casgel.1.1 andl.2areleast critical. For caséls12 and 2the latency that is also
causedincask. 2 ( dr i v e u nandnisentofinertia) is supplerhenteddpy e

the latency needed for-grientating the wheelsin a worstcase by 90f{ st eer i ng un
friction torque, drill torque, and moment of inertia miostovercomp Figure4-3 demon-

strates the differenca tire force transmissiofor a lateral acceleration step input in a

real vehicle (or virtual vehicle, left) and a WMDS (rightyhich is equivalent to
casel.12. When lateral eceleration is demanded in a moving vehicle, the wheels are
steered into the desired direction, thus generating slip angle leading to thepoiid

lateral tire force and, therewith, lateral acceleration. In the WMDS, however, the local

yaw angle doesto necessarily comply with the vehi
vestibular driving impression, in this case especially the horizontal acceleration, must
correl ate. Due to the washout, the WMDSO

WMDSO6 a@acelomms match the vehicleds accel er e
the human perception threshold for translational acceleration

Concluding, the worstase latency occurs when the wheels are misaligned by 90° to the
desired direction adicceleration and the driving velocity is near zero. As demonstrated in
Figure4-3 the side slip angle of WMDS can reach 90°, unlike a regular passenger car.
Therefore, it is sufficient to measure the warase latency for either longitudinal or lat-

eral acceleration, whidls why only lateral acceleration step inputs are used in the exper-
iments. Nevertheless, different acceptable latency limits apply for lateral and longitudinal
acceleration in a real car. Thus, the lateral acceleration experiments are analysed with the
criteria for gaining@ , IACLgain) and 50% (0 p, IACLso%) acceleration cue latency

and evaluated with the minimum lateral and longitudinal acceleration latency of a real
car.
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Figure4-3: Lateral accleration step input in a vehicle (left) and a WMDS (ridiot) the initial
state (top) and the required state for providing the desired acceleration (bottom)

432 Experi ment Design
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i nputsecamdeyjnitial dri vi
type of the target signal
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4 Mccel eration Cue

steering angle sétreperudmebngsndhesehose, t hat
number of experiments clarifies how | atenc

1. Var i atliaanre r af a ceqpe lienrpautti oanmmgsidi] tmkdeg 81 n
Im/ s] 1 nanwl meéntan i niti al l ong/ig.udi nal \
2. Vari ati olnorodi twend a g &all y
a. withcamrl er at iaanp | 9 tt e sijrofauntd  wi t h i ni
tudi nal Vebémn/cs m/irssli mfcr ement s.
b. With a 90A (tie.ee.i nnga xainngunme) sst ep i nput
nal vel ondist mkos BOMS 1L ncr ement s.

Thus, the first experiment investigates ¢t}
tude in detail and the indiltuenazte lodwthpreec
speeds are not driven because the most si
pected atduewt s pteleadsdThkel segohdrgeueeri ment

detailed influence otdiomgspeddesalovebaoei t
i nput and steering angle step input and tF
of control i nNpubby éhhibe, aintewchaingiifiddueonfc e of
initial velocim/y dats symdddls above 1

433 Exper i Amands s ment

ACtwi s calcul ated by subtracting the manoe
nput) from ®whefttme whegebOlaAG)l .erFadri ocna li

[

cul at igRign ACLIi ndi cator to determine the tir
control i nput i s needed, too. Latency is t
of indication and the time of manoeuvre ir
yaw rate or | ateral accel er athsi orne aicst i wsne dt ¢
control i nput . Because | ateral motion i n
to yaw motion, it is advisabliendtoead.e Thits
sumption is eligible because in a car yaw
the investigation conservative. Since the
man test person, it 1 s otbhvrieosuhsonhtdg§ ptotifs eOs. €2k e
tidnbas2 an indilkcAGlkrn, yielding

Al l ex peraen mewistehll AGka nd | Algéihox per i meart- 2a (
iation of the i1initial |l ongi tudj nbbweeénci
target steering angle is set | pgitse ade foifn ead
as the ti%neofwhtehne 5ndaxi mum accedteearti o armrg
step input is reached, yielding a conserve
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434 Summary

Each experiment is carried osik times, yielding ¥4 data sets for evaluating AGdy
and ACLgain.

The aspeamotion cudatencyfalsifies hypothesis H1.i the hardware prototypeannot
reach 50% of any acceleration step input witHiB5ms and 0.2n/s2 after any accelera-
tion or steering angle step input within 1®8 at any velocityconsidering statef-the-
art technology

44 Ri sk Assessment

The movsantr eslaef ety standards 2a¥eh&26Qi ntrod
i's intendedsdrmiresaupmaadi ¢tviecber ef ore mrot i deal
EN SD3849 and 6t2m0e 11 BCG/eEN ocussed on E/E/ PE co
| E€1508, which i s fnfottehrerr esft amrdead dt d mas Et/ tEd PE
iI's applied.

Ri sk assessment 608fDEkgaintdawiitth dDiwhmak@ge méet

part mostl oirmplAREEBOI3-BDIRI sk anal ysis of techni
temsas been evlioIWERI OMROtsok tnhaenieRg esrke mts s es s ment
techedfquThe BSOALDEQGat opBeissk assessment techn
can al so be Aidanadr d nakali ysion t eowhigbessfor

morfeocused on the overarching safEatiyxsaoaqnipect s
stasne of the annoying truisms of system saf
a hazard than it is to recoH.niTzheeroerf ofrien,d tthhee
i's to identify hazards to thmhedf @alplpeotacdxise n f
Figalr/e exi%ts,afleOtOy cannot be guaranteed. This
to be thorough on el aborriaghk ngs saxsdhmamtd Eprveae

The focus of this tared, st her efnorfeai,nctth e n@H o ssea
cl oser61t500 8l BEGhan to the el abor althee mmei tshko dgsr aapsh
i's the only risk esbecnaihom emenhodnelkdattias de
wi || be uséeillhehesntasuacd uoweleh. wid4.dl dectsi @adapt ed
from EDB38AFi.gxualrYAsuf fi cient mechanical streng

1351SO/TC 262- Risk management: IEG1010 (2009).

136 Ericson, C. A.: Hazard Analysis Techniques for System Safety (2005). p. 24.
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iI's assumed. Faults | i ke | oose connectors ¢
rectl y. Still, signal dr opotut esr eawiet ha, ntaa kt e
cabl es/ connectors indirectly into account.

441 Determination of the Limits of M

The determination of the | imits of machine
cl e i6n51FBQ &Y *, represented by phases one
scope definition.

Ericson describedhaa hazaodptriisamnglod three

1. Hazaredement : A b asuircc eh a zea rgd. o uesn erregsyo

2.l ni t madchargi sm: The trigger or initiator
3. Targethr @aamtd: The person or thing that is
Onlival |l three el emendaanrarsee .p rkensoewm tn,g aa bhoauzta

ment sl eesnatbhe design engineer to search the
hel p because possible hazards that can be

al so underlines the importance of dern er min
properly, including:
T System components (structural el ements)
T System design (flow of forces, energy,
T System functions ( wWhdaetstiggneddh®) system ir
T Energy sources (electric, hydraulic, pr
T Conceptperfadri on (who will be using the
which mode, e.g. regular operation, mai

T External condiet eonsofagget,cteitccampat i bil

The results of thidisesspriopgeisenaofe BheolmPgCget k
ar chsaz@r dousi neilteineetnitnsg eed lgeerntiss pasn da ntdh riemaft &
mati on about the current safety regul atior

442 Hazard I denti ficati on

A hazard is defi pedebys ampda mtlhuer ec o(nes.egq.u ennoc
(i n thiaxcedsea ato on/ decel ¢Thei bazardstdent
i's included in the third phase6lbB40ref t
2-1p . Cladais2. 6816081 EdCeactiessr enffakeh which may

137 Ericson, C. A.: Hazard Analysis Techniques for System Safety (2005). p. 17.
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the basis on which the earlier decisions wer
tak®n underkiondongti mgt a HARA is an iterative
utsel past knowl eldegvee | enviaslhuaaptse anodo speemalk i ¢ yet

hazard (source) checklists, also provided by
especaaddyg hdentification, I's rather intuitdi
identification is brainstorming, although s
t hwgoh t he i dentification process, e.g.

T Dividing complex systerhmy iwotrki sigb owdt &
mati on and power flow between and within

T Splitting componentselactorerincocaent ach uan
f Evaluating possible failur@sinhandedufdna
tions.

T ConduETAngr FME(C) A

Conducting the hazard identification in a t
identifying all r6ell8é&2aznar ch awmd dosp. e rTenkei IIIiEtCy st
studApp)icatf®gnvgsi deguidel iaerdtowarematsitc ue
ami nation of hazar ds. For identifying hazar
gui deword is applicable to an i rnttended tfwonct
mudbte revibewedout i f it cosntsetm.t uTthees gau i hdaezwaorrdd

Table4.1: Guidewords for hazard identificatibf

Guideword Meaning

NO OR NOT Complete negation of the design intent
MORE Quantitative increase

LESS Quantitative decrease

AS WELL AS Qualitative modification/increase
PART OF Qualitativemodification/decrease
REVERSE Logical opposite of the design intent
OTHER THAN / INSTEAD Complete substitution

EARLY Relative to the clock time

LATE Relative to the clock time

BEFORE Relating to order or sequence
AFTER Relating to order or sequence

138]EC TC 65/SC 65A System aspects: IEEL508 (2011). p. 27.
133|EC TC 56- Dependability: IEG51882 (2016).
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4 Rbi sk Assessme

As an examplseypplhye deummacntdeodn pswenveetdghatve

this function, it must bei n nowveessahad rgea/tleeds s fp
i's supplied, power as well as or as part o
than supplied, anot her soipgonvaelr iinss tseuapdp |oife df

or before/after a specific event .

The resulhtazafr dt h détnd | f h € aflse &kim ooific eahpe: et e
| i st of al | hazards, whereas the situati o
yet .

443 Ri sk Esti mati on

The risk estimation i s al so oivrecrlaudde d aifne ttyh
cle i6nMS51BQRY®. The goal of the risk estim
that has been identi firedd %i.rmR ot hae Trim@saEmbliccwse |
nation of a hazard and a criticalwbepseati®
can be .evlatl viastlemdott o aldivs ts adbach possi bl e sit.
wi || be uncritical and are not worth | ooki
ysis may choose the most <critical situat.
critiabhbp valdi Het baeatdnto a few situati or

The definition of t he risk |l evel depend
ENl SO3848f om8LkLvieh6 26520, or 6 5508WwmerleEdls t he
wi | | be useldn i ann ghlizésreddloensiegg.uences, its pr
rence (the sitwuation and the mishap), and
data exists for evaluating these hazard pa
eval uati oend ibsy peesrtfioomamt i ng t he | evel of weac
identificati on, this process is rather in
gued. The most common qualitative method f
the mhoestric) i §figbheerimskaddiatpihon, a sol ut
each risk is formulated.

The result of tihteo rtihsek Oeesktn ovdfc eampe e s e al i s
al | hazar dégf @ hhaeamdn cd wieheyd dhsazrairglt i on of t h
evaluation of the risk/ assignment of a ris

444 Ri sk Evaluati on

The risk evaluation inchahhekbytrlaée | f carfteh ya

metns and safety requirement all oc@als ®ma, o]
(Fi g2Y®. Thse agemsatlabl i sh t he over al |gosaalfset y
accordi 2g26@a)ewd®dduatoe i f the overall risk
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been adequaTlthed yoweerdaulcledsaf ety requirements a
functions requirements (i .e. rt,s&ddruincegd ofnr drh
the haza)yr damdh atlhyesissaf ety integrity requireme]
(SliLn caseéelH5@&IreE@ed fr om)Athet hrii ss ks taancpd ,y stilse s
tion must not be-ssppeeainisice dAéisroi tnetdhhberonl gy t he
functions must be done réeggartduassonf Ohlerhw
safety function could reduce the risk of the
ot her hazardous edewishthhée sameafabktumée and
di fferemitsi ¢ @i ons (which possibly result i

not | istedlfhethesKHARAY . be,enn mdfewqrutalt eerl ymea sesdw!
needfednotd sk reduction FprgRdegeIhei arthigget adal
processual changes that are made within the

ti oinak a&assessnaem@ts sneasrstt beswbol e EUC.

The result of tihteo rtihsek @eevdan ool e apgd @ ése aal |
safety régstr e madaittomcsatl | b éThhee Eaks@fesafyear chi t ec
turel sifies hypothesis H1.2 if no architectu
ri sks to an acceptable | evel
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Sect.0oifi this chapter describes the synthet
are used in the falsification,efxpétiomedt $
descriptiwal odr dthedb Wwhda h@zedtsi ammgcdch ef dral esx tfr
cati on experH . mkenstcsr.i b®escttihoen measur ement t
MORPHEUS and how sagdalis adepped®ésseadWagr

51 Test Manoeuvr es

Synthetic and representative test manoeuv
the resdatclkexaemi ments areEuwclkdamifeed| dut nom
stadt .

511 Synthetic Manoeuvr es

Here, only those synthetic manoeuvres that
Ssimulation runs are described. The justi f]
given in the sections wher e tahretyil 1gyeceieaap pl |

atedt aedéher €é nputnosfiscpiall ssyamteheti ¢ manoeuv
without washout and TC. For the 90A turn
MCA when necessary.

5111 St r a4dligndccel erati on

This manoeuvrweeilisf wisatdh d mpoatdde tdeenadet er mi
of t hedreimeadarnidin®t or c®neéelretctd ercal efficier
t hpeowemeé mgygelA | ongi tudi nian puato o ed mmlait ti wdce sit
i mposed to thuep DtSo aitt ss trmaanxdisntuimh Ilvel oci ty

5112 Steering Anguée Step |
A 90A steering angle step input is impose
be varied. Thi s maetoceumaf@li isomsed for the

140\wWagner, P. et al.: Power, Energy, and Latency Test Drives with MORPHEUS (2017).
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5113 PerpendAccaéherSateippdt

An acceleration step input is imposed to the
velocity may be varied. The accel eopahi®n ste
manoeuvr e ide tuesrendd W@otri anrh e

5.1.1.4 90TRITr n

The 90A tjuumctiaok) ai.s Tmhppr oRltédire dt Iwe t\he Hidc | e i
witm/ 8] dowmls.t ds5soon as the target velocity
with constant veloci mAf telre ac awrhraenrgiend nr adii led
has been reached, t hre/ sviemics | ledThecebksuht eng WwE
tion, velocity, and yawnarwdsHh eunidsagspadadTeeds siefd
nece¥3Bhiys manoeuviéyi shesedetgyvmpdel

51.1.5 Fi g Ef g ht

The Figure eight manoeuvre is originally int
iour . 't is donmngiemedoolabhby enb whheet ehaesadi ng of t
WMDS f ol l ows t hey & whag Bccotronmreyr,7 mf erraedsiudshiinsg i n
maxi mum | at er a0 .n® cTdheel erreastuilotni nogf akc cel er ati on,
profile is processed in the MC tohwsshout

manoeuvre is used to verify the energy model

512 Representative Manoeuvres

Graupner has developed a representative ur be
noeuvres indiastpriobati émsas ct hey c8Roure found
di fferent drivers that werevé amheé i measvuit dme i
duri ng t-hheurdraeys ulotfifray eirmgan pabdwe mance compa
driver suselcthewasara VW Gol f VI R, e3meapsp-ed wi t |
urement unit, |l ogging transl ational accel er s
rate 1K©WZ. 1DWe cir ckumtl mmmigakaboutabddt one hour
pl € The umebaassrur e meme used for the evaluati ol
mand where MORPHEUS must repr.esent the recoro

Because utrleel mexse!l eration and velocity signa
vi bration induced tferromm gt hies taepsptl ti veadh.i dTliee,a rfreia &
application tbae tleafteMGdeadigmpautesd by the dri ver

141 Cf. Betz, A.: Diss., Feasibili Analysis and Design of WMDS (2015). a: pp. 90f.; b: pp. 91ff.; c: pp.
93f.

142 Graupner, M.: Bachelor's thesis, Entwickiugines reprasentativen Stadtparcours (2011).

143Betz, A. et al.: Motion Analysis of a WMDS (2012).

62



5.Tlest Manoeuvr

HM I (steering wheel angl e, pedal position:
accelerations and rotational velocities ir
vel ociftrn eme aflerreanesnd so t hat the fappl itdheaet i
ur ban measurement runs would misrepresent

When model |l ing a velHzclte,pifcrad d we icchiaa sa clt eslrc
haviour (driving tdegb®s),guoawypalrrdeaq ucconrnctHrzosl bseyt s
an2lHz characterise handling (vehicle dyna

abovez 8 s relevant for comfort analysis (¢
prof¥Taey efPirrei,t ea | mpul sd ofRasporfsdt €FI R)s
whreeas t he passband Hfzr eagpnude ntchye isst oghblasnedn ftro
(comfort i s nAotkao fs eirn twae m&ekst) oiwsPo w Seeelt. r a |
Density (PSD) for the wunfiltered (left) an
of urban measurement run 2:

Unfiltered Acceleration Filtered Acceleration

20

T
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£
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c
o
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o
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Figure5-1: PSD of the discrete Fourigansform of the longitudinalcceleration signal of urban
measurement rud. Left: Unfiltered acceleration signaight: Low-pass filtered acceleration sig-
nal.

144 Ammon, D.; Schiehlen, W.: Advanced Road Vehicles: Control Technologies (2009). p. 285.
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SResearsh Tool

52 Vi rtual Prototype

A virtual prototype is available, programmed
The MCA andtMCabr ¢oi dédwsleP®fCaMOVRAPKHEEU Ss.i mu |l at
drivingwdymami dslHglleecyi ofual prototype i s u
measur edeeaaoefd gORPIHEU&Sownscal ed urban dri vi ng
t hat of an umsgc aslcefdm aurxriGernMadkrerv i mo d e | i's reqt
simulations because of its sophisticated tir

521 Ti Me d ¥4

Ther eosns btaisedenreo del | ed ba&ed ud-HiyPenaej Eangl e cor
point transient tire model andmbsnadcwssbadt hhbk
the Simulink i nt éelrhfeacpearmfme@amrMMakeare deri ved

thestiloemganddli ataeér al friction coefficient, a
the s| Thpe atdagd ®upeand t-aki geril MNgyweoreqeenpi ri cal l
determined in dependence on turn slip and sl

by the madhe modmul Aa¥. been validated

522 Body M&del

The body is modelled in Car Maker with point
passenger car s, t hfeo whoedeyl smo dFeolr caopnpsliysitnsg otfh e
t hmeheeel ed WMDS concept, the fourth wheel i s
no grounidhe oghd mmdt r isce cpBriadmer appkbi ed.

145 Cf. Zoller, C. et al.: Tire Concept Investigation for WMDS (2016).
148 Cf. Zoller, C. et al.: Tires and Vertical Dynamics of WMDS (2017).

147 76ller, C.: Maser's thesis, Implementierung und Parametrierung eines ReifenmodeéViDS
(2014).

148 Cf. Betz, A. et al.: Driving Dynamics Control of a WMES013).
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5.V rtual Proto

523 Chassi s™™odel

The MORPHEUS prototype has no chassi s, i

inclination, toe and offset are zero. The
ties remain unchanged during whalér |cHassiA
model . Because of numeri cal probl ems, the

the chassisioéibuarne biet seatitwel y mhahXs mmzed
andkRbm r estpmictii miez g ,t hei r uiahf lpuse hdygnyagmei ¢ h
behaviour.

524 Power/ Ener§° Model

Ener glye masbdyedel ectric and Eheséeroompome®mp:
di vi dmdt i ohosciomuploanteinotns t hat must be suppl
MORPHEUS (el eartohatcormoctoonrtsr Gl |leirnse a rd reakcat puoadt
power el ectroni i hnulkcaotmpoomteon tasu xtihlaitardyo no't
ut emottoi on shunul arte bomeEacretsrsalr y( e. g. | PG Road
simulation compxt én sa,r V& tcoanpeorniedisgsnamaeld t o b
nearly. h@&@nmsetfoante, their demand.@amRAnlde emsad
model | endt i @Mbhleasdio mmonent s, on the other han
i taynd -deo@maeindent behaviour, which makes it
driving r esi & tbaenhcaevsitcaestk evmefd mhip @arBeerctusp.er at i on
accountedodet ,i malth®eugh not separately mooc
torqgue becomes negative, energy 1S recuper
i's drawn fr onBttihlel exgaeamuhardon,f | menceer atvieo
all edreeagyl wadhmanitreglrati on of the steer
over time yields the total energy demand o
of the High Voltage (HV) accumul ator are
idealt (i .ep) accumul at oFi gnme2de lv eiss ams eodr.er v i
the energy model and its interaction with
model i s given in the following subsectior

149 Cf. Betz, A.: Diss., Feasibility Analysis and Design of WMDS (2015). p. 112.

150 Cf. Albrecht, T. et al.: Advanced Design Project, Fahrwiderstamus Energiebedarfsbetrachtung des
MORPHEUS (2016).
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5Research Tool s

Tire Model (Physical & Empirical, IPG CarMaker)
Algebraic calculation

Mechanical Motor Model (Physical & Empirical, Simulink)
Algebraic calculation

EnergyModel (Empirical Simulink)

Electric Motor and Motor Controller Model
Algebraic calculation & Lookup tables

Figure5-2: MORPHEUS' energy model

5241 Dri ve 0miitisng Resi stances

Climbing (eséenstdncwinmdgl| sunffaceksi st ance becal
pl acemeni{ MORPWEBUSIr mustunnedt bweatskedt amns

be negHuercttheedrndo reaes, ,e xtpeescdt eddhiowbhait havesi st ance
(a. k. basdnag¥significanalintuencgsbesssfeanee
no quadrati a idmeepewvhkel cad hmrsi ng)r resistance i
becaumaximem vel ocitiys ofluiORRHE/EDAIVvabaot

9% of all u nmeacmeoleeadv ecersievpirnegs ent abl e with a ma
8. M/ This simplifiewatliuarnt erdu swtksedreel lrseéWiVD Sa wfi u hl

151 Albrecht, T. et al.: Advanced Design Project, Fahrwiderstandd Energiebedarfsbetrachtung des
MORPHEUS (2016). p. 32.

152Betz, A. et al.: Motion Analysis of a WMDS (2012).
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5.V rtual Proto

a ddme.addition, ensugpeids ismsa Plad dtoend ,i nb & dhael
ers are used i nf ltuheen cceh aosfs itsi raen dd Stnfipg nilgm S se ¢
are accounted for iTrhectkhel eakhit danetiedi sgaml
equi valent masXi ©rfclrwdkRe@ |iagTNeekreCrar Mak er mo
i's parametemetsereic,wiaétlseigdeomas s mo me nwhsi colf i
are either determined i nveerxipfe reidme8ikise noord ed
rol lriensgi st a@eft®si cadreegt ter mi cnceads eikipgr i ment s (cf
ti®nl) ladd intttlwe atede i mbdel.Byncdo @Gt iCag Ma

swit-cheddr i vearmovtés rusntiitaebeanl | vy ai mfrli ween o eas
the rolling reaistaecsiesliisnmetl | made Tthhed, sep
a gedriraesg swvi amhoear cdpenpevnedeonci ty i s determ

i nated with the index R.

5242 Drive and StdMechmagi Oailt Mot or Model

Thmechani cal imotparovmacdcal wst Wwaelemaak esdp evehck e
hudbnd steeffi og R@MeCawreMaker nmnodelofand el sacntaut
moddkeverthel ess, It i s tihsetpoertiamg adamd udirdiev e
cal cul ated and for walred ende d lpeaergibhsetr éetdseir gy pmoovd
i's calcul ated by ntudrtg usd eyd entgo itohves receionmh eo dtf hte
inertia, the dri-Aliggi n@rgoequeandi thetlsel

axi al mass moment of inertia (including w
ring, etc.) is determimsed WIADh maodfedl It yhapar
be suffici™®Mhéydaikuarlaiggenainndg steolrfque are pr
model , which KaMulbteiepnl wiang dtanteedpr ovi ded wh
wheel hub tor gquel lyy @ uddrisieviieh ep onneecrh.ani c a

5243 Steerindgl@rittrs anMoMotor ®omdtdol | er

For the steering maddres, toheé hltkolmeéichagnpacweé i
powerThe hol ding power results fromithe <co
especially iwhneds dernrmemi mgd i n 6e.xlpelr.izment s

5244 Dri ve OBFllnedtsri c Mot or and Motor Control

I nitheal &€ Mecrmwd @r waddaesled on an efficiency r
manuf gctpdrobehrei ngl ati ve ef fi ci enclyheovmneot omo't
control lelrl avh,s immdconsultation with the s
9 B%. Unf orstiummualtragtisyplnt s | amgwedi a3crepalbcy to

153Wagner, P.: Master's thesis, Aufbau und Inbetriebnahme eines WRDS).

154 Zoller, C.: Master's thesis, Implementierung und Parametrierung eines Reifenmod&UIfiB
(2014).
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EResearch Tool s

measur ed enwhigoMhdjeshehred deci si on was made t o
ciency moedeelc tfroirc tnhoet or akar iHhHisghmdtora cownrta oy
i ments on a test bench would be required tha
tion experiments with wvarying acceleration
me c h alnyi aradpepodwe rcal cul ated from the motion qu
ADMA-3Gand the previously determined driving
by the actual required electricalf powall yi el
poi ntperaft i @n

53 Measurement Technol ogy

Mobh quantities are measured by

T thfedmpei c Eyrasgwlpaer velocities
T thnemesenablksenear ,accel erations
T andGPaS/ DG Sei Bdr paonsdi tvieonoci ty

andmarged and Dveratéd3Dnmotaon informati on
G3. Motor resolvers Omeasturentheael esttranmbde
controllers from where these values are tapp
t hat i s poesn te aocnhe de Ibeecttwei ¢ mot or and i1its mot
and voltage sensor is installed at the main
average enAcggl demandn as wel | as rotational
measut ddHzwi current as wel |l as vol tHzge of th
(l'i mi t ed baynds emostoorr) currenthz( ainchi redobyts emsc
Sensor noise, vibrations of the electric mot
tnofrom the r oaddissutruirabdabneccePdbibe ot etpgaaFouri er =
fomm a | ongitudinal mdAdeglb&reati on signal i s s
0 - —————
N
<
m 20
©
£
> .40
o
©
o -60
»n
o
-80 - i L
10° 10" 102

fin Hz

Figure5-3: PSD ofdiscrete Fourier transforof longitudinal acceleration signtr a 90° steering
angle inputab  =2m/s, triall)
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5. Measurement Techr

Theretoelker ati onpasgntl staredl ow t he same
measurement Subhs2mnacecetdamce with the val
(sect.ijomd finite I mMpuHhmaw sréspomrese wiFhRa pa
of HZ and a st opbaded ifsr ecghuoesnecny. O0Af Kladgsuere wi
54shows the companisbhebedwéepasigefdodte) ed
| olwi)nemeasured | ongitudinal acceleration s

15 T T T T T

10 il
“:‘o:l

e o o & °

& 83 8400 §°

o ,=.$"

N
0
£
£
©
15 - ° along,unfiltered ':.- ° n
20 L 8)ong,LP-filtered -
-25 - Y N
_30 | | | | | | |
0 1 2 3 4 5 6 7 8
tins

Figure 5-4: Comparison of unfiltered and lepass filtered measured longitudinal acceleration
(90° steering angle inputat = 2m/s, triall)

The reason for the noisy acceleration si g

to the roads sarrhajcer, pvwhaltlhem atA trhoer mailrir zec
cresosr redfattitoen vertical and | ongitudinal a
dri veFiaghb4ies cal cul at efd gd&i3.Ehpl o tatt @ed ai n and
acceleration signals are mespé¢mdeniwwheneasch
acceleration signal follows the vertical ¢
vertical acceleration, and, therewith, ver
ducing the verti calbs edkidciiviantg opp eaatftf eddOnR & HSE €8
acceleration signal di sof or beanteaasti $9i 06 m
i ncreased velocities.
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EResearch Tool s

correlation in -

0 | | | | | | | |
-500 -400 -300 -200 -100 0 100 200 300 400 500
lag in ms

Figure5-5: Normalized cosscorrelation ofequallylow-pass filtered vertical and lateral acceler-
ation signal (90° steering angle inputiat = const. =2 m/s, triall, from manoeuvre initiation

to end of manoeuvr@.e.® )
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6 Fal sification Experi ment
Moti on Base

Initially, thei powepal/ @metdy gir snd kilvedaniiadnaet i on
descri bebd) I(hsee cniosdoenls ed t o extrapol ate the r
experiments tmaunupnsaanded odiinviesgi gate the |
pendence of thee&adprloomnvnigd efsactthoer resul ts fo
falsification 6G.X3per itnheentesnersggec tdieomand f al s
and s@&.d4oiron he moti on | at enA ys ufnanhasriyf iacnadt iaor
|l ook tpeltbat hoondfrebelts and ussdaimed h Wi
will be given at t he €erheke afesaid tt bse adéSistdy e2she? ds e
6.3 ®&nadr e afdopgvmgder™ et al

6.1 Powé&m/er gy Model

6.1.1 Par amet er |l denti fi cati on

6.1.1.1 Dr i vesomii tRengi st(aCocaest i s)'§° Test
To dettelmdmiinweiersg sctoeefd,d cCMGEGRIPPHEUS | 3 sniade el er :

hangar a ved.oet 8hyismptfer f erences due to wind
reaching thetthesidredevenlotoirtsy,are switched
i nto sAaoelsen sl caoceamtdi nuously measBred wi
suppbnCedrevitt (&P&i I abhe ,i nasni dd.df hiel hteexripeadn g &
I ment i sl@amrensedaohytdhiusectindmuences from c
are el,tmoit aidd exdhen, all acceleration and
so t ha/ts Oar2e reached simultaneousl! y. Final
triFalg#drsteowsavtdrageeal er aei oo i dvyseprTdhs snt ati o
is chosen ovewsitheedemtdattiiomads it i s use
passenger car s, because a | inear relation
in the experiments. This can be explained
(guadratic) influence of air resistance.

155\Wagner, P. et al.: Power, Energy, and Latency Test Drives with MORPHEUS (2017).

156 Cf. Albrecht, T. et al.: Advanced Design Project, Fahrwiderstamus Energebedarfsbetrachtung des
MORPHEUS (2016).
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6Fal si fication Experiments for Wheeled Motio

0.7 T T T T T T

0.6 - along,measured
» a .
E 0.5 long,regression —
£
— 04 .
5

0.3 .

0.2 ! I ! I ! I !

0 0.5 1 1.5 2 2.5 3 3.5
vinm/s

Figure6-1: Absolutedeceleratiorovervelocityin coasting experiments (averaged over all trials)

A linear regressi dil) of st h &dv fstedd natgaFatnggmat i on
6-1, from whi ch tchentchohen sd mma b eathbdgl eap € Idd & ivt- y

i nrgesi gstoerde ci ent maAYhdeder appetbméoarat ant dr i v -
ing resistadarmad a«aaf fail sioembte read from the i n
nat Ei g&l e eq 622t i on

& DG & Qi — (6-1)

O "n g ™™g o0 (6-2)

The constant driving 2.3 imetsandhe codflfiingi erets i
ficient that <can sbewiftohu npdn eounmaptaiscsdetnpgeeerd -c aHo r
ent driving r etshies tsa nocpee cod e ftfhiecila mtgg8)r r egr ess

O "Oni T8t [ UO_AA (6-3)
|t mu s t be stressed again that these coef fi
sistance but al so include airThrdersiivsieragnce an
si st anntpel eingenn tttehdee . m&@d @len t he omni directional
t he wheels can tadrmliln viedtolcidiireesgt imarks ng it
t hderi viesgstance for both directions of rotat
calgritical, which is why the decidsisom was m

parameter toodedihgn itmhed¢ ag [Falpgedrit spmaiws ftume tri eo-n .
sultdrngiesg st ance torque plotted over the whe
ramet er

72



6 .Plower / Energy Mo

100 T T T T T T T T T

w,, in rad/s

Figure6-2: Driving resistance torque over wheel speed in dependence on par@meter
Fromitahge adn can be concluded that values |

mation to a signomsfsecThenl, Om&rfedromwel, a f
resi stance at each wheel i S

O
Yy Oy QA T31 ¢ GMHpaﬂZ?AL R

Q‘C—OAT pht Tt

(6-4)

6.1.1.2 St eeJinnGebectric Motor and Md@HoolrdiGognt r
Torque)Fest

To detteremimel ding torque, an external tang
while the tire has nfo tcoorngtuaec ts etnos otrh emouunndt eer
unit measures the supportinghtorsdqeerpmayiaa
controlled Fog&#&3 ay constant,

oo TS TN

.

Figure6-3: Experiment setup for holding torque €%t

157 Cf. Albrecht, T. et al.: Advanced Design Project, Fahrwiderstamus Energiebedarfsbetrachtung des
MORPHEUS (2016). a:; b: p. 41.
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6Fal si fication Experiments for Wheeled Motio

The external ifnocrrceemepmpst taidnlcyr @ aesseud © 6 ANgn, hol di ng
whereas eacdapplnicee meemten sl ti mes fobratche sak
tion Gbaotuceupryrtent annde avsouFriegdesechows t he measur e
steering tpeodweorv eprl o0 he mefaosru roende hsatledeirn gn gt onrogt uog

1000 T T T T

o

holding,measured

800

Pholding,regression

= 600
c

Q400

200 LO ol

0 10 20 30 40 50 60

Tholding in Nm

Figure6-4: Measuement data and regression for holding tof§tie

Aguadragressidonwher éast eWeamni § stehlt ed wcto rot@r. o5l
effort for keeping the steering angle const a

. namp—igv - p@)%D'Y C OR7 (6-5)

6.1.1.3 Dri vest®Dne ¢t ri ¢ Mot or and Motor Control |l e
Acceleration Test)

Stralghe acceleration tests are driven with |

i s vfarormemdOs [2.n2os |, wher eaiss tihrec ri enadsredodmedmt 0. 2
each expiemcemeinower acceleratBenauaereolirittnhenl
dri are@d the required braking distance, the
expersiwmeémt | ower acceleration amplitude. Thus

i Mabbllwas used.

Table6.1: Experiment setup for constant acceleration tests

Experiment #1 #2 #3 #4  #5 #6 #7 #8
£ ey PRS2 0.2 0.6 1.2 2 3 4.2 5.6 7.2
O 11 fgpan M/ 6 8 10 12 12 12 12 12

158 Albrecht, T. et al.: Advanced Design Project, Fahrwiderstandd Energiebedarfsbetrachtung des
MORPHEUS (206). p. 42.
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6 .Plower / Energy Mo

Acceleration and pawerasvemgagedakvset igddtwe
ducted for €faeh edxepxdrriimant poovemu ldataovm if § ofr
uct of measured output current and output
power needed for horizont al acceleration i
moment of inertamadof h ¢ b eohodfr dHywed e esryitsgge m.

The const ante mbofd etnheer gyt eeri ngr equi sedekaol d

power ( c6f..1).sleTchtuiso,n tlhley meeddend cmower i s ca
V] VOO OwWw DO g th)l— — i :3l—
0 Tt
. i O_ b (6-6)
VOpMLEOQ W uqupo—Onatcomﬁtnp—ou—Aqm

T[&LUEC'SW G war7

Thefficiency of the electriegala@Gd)mmponent s

5
0

(6-7)

Fi gotbsehows t he resnalpti ng efficiency

Figure6-5: Efficiency map od r i v e HWcaonmponénts
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