ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL OF SCIENCE
ENGINEERING AND TECHNOLOGY

STEERING SYSTEM OPTIMIZATION OF A HEAVY-COMMERCIAL
VEHICLE TO IMPROVE STRAIGHT AHEAD CONTROLLABILITY
USING KINEMATICS& COMPLIANCE ANALYSIS

M.Sc. THESIS

Berzah OZAN

Department of Mechanical Engineering

Automotive Engineering Programme

JUNE 2012






ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL OF SCIENCE
ENGINEERING AND TECHNOLOGY

STEERING SYSTEM OPTIMIZATION OF A HEAVY-COMMERCIAL
VEHICLE TO IMPROVE STRAIGHT AHEAD CONTROLLABILITY
USING KINEMATICS& COMPLIANCE ANALYSIS

M.Sc. THESIS

Berzah OZAN
503081702

Department of Mechanical Engineering

Automotive Engineering Programme

Thesis Advisor: Prof. Dr. Levent GUVENC

JUNE 2012






ISTANBUL TEKNIK UNIiVERSITESI * FEN BiLIMLERI ENSTITUSU

AGIR TiCARI BiR TASITTA DUZ YOLDA GiDERKENKi KONTROL
EDILEBILIiRLIGIN iYILESTIRMESI iCiN KINEMATIK VE ESNEKLIK ANALIZLERIi
KULLANILARAK DIREKSiYON SISTEMi OPTIiMiZASYONU YAPILMASI

YUKSEK LiSANS TEZi

Berzah OZAN
503081702

Makina Miihendisligi Anabilim Dah

Otomotiv Miihendisligi Program

Tez Damismam: Prof. Dr. Levent GUVENC

HAZIRAN 2012






Berzah OZAN, a M.Sc. student of ITU Graduate School of Science Engineering and
Technology student ID 503081702, successfully defended the thesis entitled
“Steering System Optimization of a Heavy-Commercial Vehicle Using
Kinematics&Compliance Analysis”, which he/she prepared after fulfilling the
requirements specified in the associated legislations, before the jury whose signatures
are below.

Thesis Adyvisor : Prof. Dr. Levent GUVENC ...,
Okan University

Jury Members : Doc. Dr. Ozgen AKALIN ..,
Istanbul Technical University

Doc. Dr. Bilin AKSUN GUVENC ...,
Okan University

Date of Submission : 04 May 2012
Date of Defense :08 June 2012



Vi



TABLE OF CONTENTS

Page

TABLE OF CONTENTS....citiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiieiiiinetaciecccnsescens vii
ABBREVIATIONS. ...ctiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiitiieiietiatenseiasenscnssanes ix
LIST OF TABLES.....ciutiiitiiiiiiiiiiiiiiiiiiiiieiititiiatisciecstsscsscsscescnsnssnes xi
LIST OF FIGURES.....cuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiietiieiaecseiaseneenns xiii
SUMMARY ..iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiietteiiietieciecetisssscssscssssscescnssscens Xvii
(0.4 O N Xix
1. INTRODUCTION....cttttiiiiiiiiiniiiiintietiiiiiatiecieeatiscsscseescsssescesessnssssnne 1
1.1 Purpose of ThesiS. .. .oouuenniii e 4
1.2 Literature ReVIEW........oiuiiii e 10
1.3 ThesiS OULHNE. .....cooviiiiiiieiieieeeeee et 11

2. TECHNICAL BACKGROUND.....c.ccceittiuiiiiieiiiiniieriecieinriaciecieccsacnnes 13
2.1 Steering System Details of a HCV............o i, 13
2.1.1 Steering Wheel. ... 13

2.1.2 Steering column assembly............c.oooiiiiiiiiiiii 15
2.1.2.1 Optimum deSIZN. ....ouuieeiteit e ee e e ee e e eaaans 16

2.1.2.2 Slow-0n center deSi . .........evrueiiitiitiiie i 16

2.1.2.3 Fast-0on Center deSIZN......c.vviuiienreeiiieeieeieeieeeiieeneeaneannns 17

2.1.3 SEEEIINE AT . ... ittt 17

2. 1.4 PIMAN QM. . ee e 20
2.1.5Drag HnK. ..o 20

2.1.6 UPPEer StEEIING ATMN.....uttettt et ete et et eeteeeeateeaeeenneenneenns 21

207 KNUCKIES. et 21
2.1.7.1 Needle roller bearing...........oouvviuiieiiiiiiiiie i 23

2.1.7.2 Bronze bearing/bushing.............c..cooiiiiiiiiiiiiiiiii 23

2.1.7.3 Tapered roller thrust bearings............coevviiiiiiiiiiniiieinennnns 24

2.1.7.4 Axial plain bearings.........cooovviiiiiiiiiiiiiiii e 24

2.1.8 LOWET StEETING ATTNIS. ... uuuttentteeteenteente et ennteenteenteeeaeenneennneans 24

209 TIETOM. .o 25

2.2 Steering Kinematics and Characteristicsof a HCV........................ 26
2.2, 1 BUMPSIEOT . ..ttt ettt ettt et e e e e 27

P A0 | 1) 28

2.2.3 Lateral compliance STEET........couvvutiuiiitiiiiit i, 29

2.2.4 Longitudinal complianCe Steer...........ovviviuiiiiiiiiiiinieeeireennneannnnn. 30

2.2.5 RollCamber. .....oini 31

2.2.6 ACKermann gEOMEIIY......o.ueenetenttente et eate et eeteeiteeneeanaeanans 31

2.2.77 Maximum wheel angle...............oooiii i 33

vii



3. METHODOLOGY & RESULTS.....cccctititiuiiiiiiniiiiiiuiiarcietecacnennnnn 35

3.1 Building Full-Vehicle ADAMS/Car Model of a 4x2 Tractor................. 37
3.1.1 Front SUSPENSION. .. ..viinttett ettt et e e e e e e e e aae e 38
Bl Ll AXIC e 39
3112 LeafSPring....oouveeeeie et 40

3113 Antiroll bar......ooueii 44

I BN (155 3 01 e A 1) 1 1 D 46
3.1.2.1 Steering Wheel... ... 46
3.1.2.2 Steering COIUMN. ......oouiiii i, 47

3.1.2.3 Steering BOX....venuiiniiii i 48

3.1.2.4 Pitman arm, drag link,upper-lower steering arms and tierod....49

3.1.3 Rear SUSPEINSION. .. ..uutttintett ettt ettt et ee e e eee e 50
3.1.4 Chassis frame...........ccoiuiiuiiiii i 51
3.1.5 Tires and Wheels........oouoi i 51
3.1.6 Cabin suspesion and cabin............cooiiiiiiiiiiiiiiiie i, 52
3.2 ADAMS/Car Model Validation Before Hardpoint Optimization................ 53
3.2.1 Static COTTelation. ... .....uiuiie it 53
3.2.2 Kinematics&Compliance correlation.............cooceiiiiiiiiiinennn, 54
3.2.2.1 Vertical mOtion test.........ooueiuiiiiiiiiiiiiiiie e 55

Wheel rate. ... ..oouiiii i 55
BUMPStEOT. .. et 56
BUMPCASIET. ...ttt 57

Vertical wheel travel vs.longitudinal displacement of wheel center.57

3.2.2.2 ROII MOtION tEST. .. e uventeteeit et e e, 59

ROIL SFfNESS. . eeeeeee e 59

ROIISIEOT. ..t 60

3.2.2.3 Longitudinal compliance test.............ccovvvviiiiiinieninennnn.n. 61
Longitudinal force vs. steerangle.............c..cooviiiiiiiiiiiiae. 62
Longitudinal force vs.longitudinal displacement of wheel center....62

3.2.2.4 Lateral compliance teSt. ... ..oouevueiurinneiniiniiniiiiinieaneennen 64
Parallel lateral force vs. steer angle..............coovviiiiiiiiiinnn. 65

Parallel lateral force vs. lateral displacement of wheel center........ 65

3.2.2.5 Aligning tOTqUE teSt. . ...uvtenteente ettt ettt eieeeieeieennaann, 67
Parallel aligning torque vs. steer angle................coocoviiiiiit. 67

Parallel aligning torque vs. camber angle.....................cooeeiii. 68

3.3 Hardpoint Optimization Results................cooooiiiiiiii 69
3.3.1 Bumpsteer optimization analysiS...........cceviuiviieiiiiennienneennnn. 75
3.3.2 Rollsteer optimization analysiS............covueiiiiiiiiiiiiiiiieinieannn.. 75
3.3.3 Maximum wheel angle @ full steering wheel lock position............. 76
3.4 Vehicle Level Improvemement............c...ocoiiiiiiiiiiiiiiiiniiiinaenne, 81
4. CONCLUSIONS AND RECOMMENDATIONS....ccctciittiiiinrinciecnennn 85
REFERENCES. ... .citiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiciaeintcscissnne 87
CURRICULUM VITAE....cctiitiiiiiiiiiiiiiiiniieiiiiiiiatieciectiesiscsecnsesssscns 89

viii



ABBREVIATIONS

HCV : Heavy Commercial Vehicle
NVH : Noise, Vibration & Harshness
SWA : Steering Wheel Angle

SWT : Steering Wheel Torque

U/S : Understeer

o/S : Oversteer

FWD : Front Wheel Drive

CAE : Computer Aided Engineering
CAD : Computer Aided Drawing
ARB : Anti-Roll Bar

K&C : Kinematics & Compliance
LF : Left Front

RF : Right Front

LR : Left Rear

RR : Right Rear

VIMF : Vehicle Inertia Measurement Facility
RWD : Rear Wheel Drive

X






LIST OF TABLES

Page
Table 1.1 : Good transportation StALISTICS. ...cceeerrrrurrririeeeeeeeiriiiiieeeeeeeeeeesriiiiieeeeeeeeens 1
Table 1.2 : Good carrying motor vehicles categories (2001/116/EC) ............ccee....... 2
Table 1.3 : Heavy commercial vehicle production numbers (in Millions) ................ 3
Table 1.4 : Rating scale used during jury evaluation............ccceeevveerveeerieesrneeeeneeennnes 5
Table 1.5 : Subjective evaluation results of professional drivers..........cccccceceeeveennen. 6
Table 1.6 : Objective metric calculation of selected vehicle...........c.cccccvveervieennennnnee. 8
Table 1.7 : Objective metric calculation of vehicle-1..........cccoooiiiiiiiiiniiiiniiiiniieee, 9
Table 1.8 : Objective metric calculation of vehicle-2..........cccooeeviiiiiiniiniiniieeee 9
Table 1.9 : Objective metric calculation of vehicle-3.............ccooceeiiiiiiiiiiniiiinieeee 9
Table 2.1 : Driver effort limits in ECE.79.......cccccoooiiiiiiiieceecee 15
Table 2.2 : Knuckle friction values for different bearing combinations.................... 23
Table 3.1 : Vehicle specifications of the selected 4X2 tractor.........cccceeeeveeecureennnenn. 37
Table 3.2 : Suspension angles of front SUSPENSION...........eeevuveervieeriiieeriieeniieenieeene 39
Table 3.3 : Suspension angles of rear SUSPENSION.........ceevveeercireerireerieeerieeerereeeenenns 52
Table 3.4 : Static correlation of ADAMS model........c.cccoceeviiiiiiniiniiiniceicieeee, 56
Table 3.5 : Hardpoint definition table............cccoeeviieeiiiiniieeiieeeee e 73
Table 3.6 : Remaining hardpoints after steering box & leafspring
deSIZN CRANZES....cccviiiiiiieeiieecee e e e e e e e e 78
Table 3.7 : Remaining hardpoints for the Ackermann geometry optimization......... 81
Table 3.8 : Subjective evaluation results of optimized design & old design............. 85
Table 3.9 : Straight ahead controllability metric of old design.........cc.cccceveuveenueenne. 86
Table 3.10 : Straight ahead controllability metric of optimized design..................... 87

X1



Xii



LIST OF FIGURES

Figure 1.1 :
Figure 1.2 :
Figure 1.3 :

Figure 1.4 :

Figure 2.1 :
Figure 2.2 :
Figure 2.3 :
Figure 2.4 :
Figure 2.5 :
Figure 2.6 :
Figure 2.7 :

Figure 2.8 :

Figure 2.9 :

Figure 2.10 :

Figure 2.11

Figure 2.12 :
Figure 2.13 :
Figure 2.14 :
Figure 2.15 :
Figure 2.16 :
Figure 2.17 :
Figure 2.18 :
Figure 2.19 :
Figure 2.20 :

Figure 2.21

Figure 2.22 :
Figure 2.23 :
Figure 2.24 :

Figure 2.25 :
Figure 2.26 :
Figure 2.27 :
Figure 2.28 :

Figure 3.1 :

Page
A schematic view of a tractor (6x4)-trailer combination......................... 3
SWA/SWT sensor used during objective measurements..............c.......... 7
Transducer that is used for measuring vehicle speed during objective
IMEASUTEITIETIES  ...eeiuiiieiiiie ittt ettt e e et eesineeetneesaneesnneesaraeens 7
SWA corrections versus time plot for all subjectively evaluated
VERICIES. ...t 8
Recirculating ball steering SyStem..........cccveeerieeerieeeiieeeiieenireeeieeeenes 14
Forces & torques acting on the steering wheel-column assembly......... 15
Steering column assembIY.......ccceeevuiieriiieiiie e 16
Input-Output velocity relationship of U-joints.........cceecveeevieernieennneenns 16
On-Center characteristics with different non-uniformity designs.......... 17
Overview of recirculating ball steering gears..........ccceeeeeveveeeriueeenineenns 18
Pressure distribution inside the steering gear when steering
wheel 1s in the middle..........c.coooiiiiiiiiiiiieee 19
Pressure distribution inside the steering gear when steering
wheel is rotated to TIght........ccoceiiiiiiiiiiiiieeee e 19
Pressure distribution inside the steering gear when steering
wheel 1s rotated to 1eft.........covieiiiiiiiiiiii 20
A SamPle PItMAN ATMN.eeueieeeiieeeiieeeiieeeieeeeieeesreeesreeeseaeeesareeeereeesnnes 20
: A partial drag link SECHON.......ccceeiviiiiiiiiiiiiiiiecee e, 21
A sample UPPer SLEETING ATIMN...cc..veeerurreeireerireerieeenieeeereeeareeeseeenneens 22
Sectional view of left hand side knuckle............ccocccoveiniiniinnnnnnee. 23
A sample needle roller bearing............ccoecveeviieeriieeniee e 24
A sample bronze bearing/bushing.............cccocceevviiiiiniiiiniiiiniieinieeee 24
A sample tapered Roller thrust bearing...........cccceeevveeerieeerieennieeennenn. 25
A sample axial plain bearing..........cceecveeeviieiniieeniiieiieeeieeeee e 25
A sample JoWer StEETING AIM........eeerueieriiieeriieenieeerieeerreeeieeeeareeeneens 26
A SAMPIE tIETOM......eeeeiiiieiiieeiiie ettt 26
Ideal arc of upper steering arm during vertical wheel
EFAVEL. .o 28
: Parallel rotation of front wheel angles............cccccceevviieniiieenciiecieee, 29
Top view of front axle during rollSteer............ccecuveeriiiiiniiiinieeinieennne 30
Left hand side view of front axle during rollsteer............cceevveeerureennes 30
U/S & O/S relationship with yaw center during
lateral COMPIIANCE SLEET.......eeevviieriieeeiieerieeerieeeteeereeeireeereeesaee e 31
Potential steering effect of wind-up Ste€er.........coocveervveeriieeriieenieennne. 32
Camber thrust phenomMeNa..........cccueeeivieeriieeniee e 32
Inner and outer wheels during COrnering...........cccccceevveeeriveeniieeeniueenne 33
Three conditions where pure rolling OCCUTS........ccceevrveeeriieenirieeniienns 34
Communications between departments that ADAMS/Car supports......35

Xiii



Figure 3.2 :
Figure 3.3 :
Figure 3.4 :
Figure 3.5 :
Figure 3.6 :
Figure 3.7 :
Figure 3.8 :
Figure 3.9 :

Figure 3.10 :
Figure 3.11 :
Figure 3.12 :
Figure 3.13 :
Figure 3.14 :
Figure 3.15 :
Figure 3.16 :
Figure 3.17 :
Figure 3.18 :
Figure 3.19 :
Figure 3.20 :

Figure 3.21

Figure 3.22 :
Figure 3.23 :
Figure 3.24 :
Figure 3.25 :
Figure 3.26 :
Figure 3.27 :
Figure 3.28 :
Figure 3.29 :
Figure 3.30 :

Figure 3.31

Figure 3.32 :

Figure 3.33 :
Figure 3.34 :
Figure 3.35 :
Figure 3.36 :

Figure 3.37 :
Figure 3.38 :

Figure 3.39 :
Figure 3.40 :
: Parallel aligning torque vs. camber angle characteristics.................... 72
Figure 3.42 :
Figure 3.43 :
Figure 3.44 :
Figure 3.45 :
Figure 3.46 :
Figure 3.47 :

Figure 3.41

Virtual prototyping process as a flowchart...........ccccoeviiiniiinnnnnnen. 36
Isometric view of the front SUSPEeNSION..........cccveerrveeeeiieeriiieeeiieeeieeeans 38
Graphical topology of front axle...........cceevveieriiiiiniiieiniieiiieeieeeeee 39
Geometry of leafspring after 3D scanning............ccceeevveerveeerveescneeennne 40
Bushing local coordinate SYStem..........ccueeevuieeriiieeniiieiniieeniieeiee e 41
Radial - X &Y stiffness plots of leafspring bushings............ccccceuveeneee. 41
Axial stiffness plot of leafspring bushings...........ccccceeviiiiniiiniiiinnienns 42
Conical — X&Y stiffness plot of leafspring bushings............ccccceeeneen. 42

Torsional stiffness plot of leafspring bushings..........cccccoevieeniiennnee. 43
Screenshot of Leafspring Pre-Processor...........ccoccvvevvieeniieeniieeninenns 43
Leafspring model generated using Leafspring Pre-Processor.............. 44
Force-deflection measurements of leafspring............cccceeeveeecveenneennns 44
Force-deflection correlation of the leafspring.........cc.ccccoeeveeviiiinnnen. 44
Forces between the markers of a beam............ccoccoeveiniiiiiiniinncnnen, 45
Front axle antiroll bar model............cccceviiriiiiiiniiiniinieeeceecee 46
Radial — X & Radial — Y stiffness plots of antiroll bar bushing.......... 47
Conical — X&Y stiffness plot of antiroll bar bushing.............ccccccuee. 47
Isometric view of the Steering SYStem..........cceeevveeerveeenveeerereeeireeenne 48
Steering column mechanism & angles for steering

COIUMN MOAEL...c...iiiiiiiiiiiiiie e 49
: Variable StEering ratiO........cc.eevvuveerrieeriiieeeiieerite et esiee e eiree e 50
Graphical topology of the steering SyStem.........cccveereveeerieeerveeenneennns 51
Isometric view of the rear SUSPENSION.........ccceeeriieiriieenieeeiieeeiiee e 52
Force-deflection measurements of airsprings (adiabatic).................... 53
Graphical topology of the chassis frame.........cccccccevvieiniiiiniienniinnne. 54
Pajecka tire model correlation.............ccuveeriieeniieeniie e 55
Kinematics and compliance explanation.............cccceeevveernveennieeennnenn. 57
Front and rear axle K&C measurements............ccceeueevueeniennieenieeneens 57
Vertical Wheel 1ate..........ooovveeiiiiiiiiiieccee e 58
Bumpsteer CharaCteriStiCs. ......oouuerueerieriienieeieerie ettt 59
: Bumpcaster characteristiCs. .......uiuuuiernieerrieeniieeiiieeeiieesiteeeiee e 60
Longitudinal wheel center displacement vs vertical

WHEEL travel......cocuiiiiiiiiii e 61
Roll stiffness characteristiCs.........couuirruiirieiniiniieeienieeeeeeeee e 63
RollIsteer CharaCteriStiCs. ......coverrerrrieriirieenieereerre et 64
Longitudinal force vs. steer angle characteristics........c.cceevvuveerueeennne 66
Longitudinal force vs. longitudinal wheel center displacement
ChATACTEIISTICS. ¢ veveeutieiiieieeeite ettt ettt 67
Parallel lateral force vs. steer angle characteristics..........cccveeeeuveeennnen. 68
Parallel lateral force vs. lateral wheel center displacement
ChATACTEIISICS. ¢ uvveeutieiieeiee ettt sttt 69
Tire forces during COrNETINg..........coevuveeriiiieriiieeniieeriee e esreeeieee e 70
Parallel aligning torque vs. steer angle characteristics.........ccceveeenneen. 71

Candidate hardpoints for Optimization............cceeerveeerveeerieeniieencneeenns 73
Four bar linkage system assumption............ccceevveervieennieenniieennieeennnee. 75
Steering gear orientation change............cccecveevivieeiiieeniee e 77
Leafspring design change............ccooueeeiieiiiiiiniiieeniieeieeeeeeeee e 77
Sample bumpsteer OptimiZation TUNS...........eeeveerrieeenireeerieeenveeerveennns 79
Sample rollsteer OptimiZation TUNS..........eevvuveerrireeriireeniieeniieenieeenineenn 79

X1V



Figure 3.48 :
Figure 3.49 :
Figure 3.50 :

Figure 3.51

Main effects plot for left wheel angle at a left turn............cccccceeeen. 80
Main effects plot for left wheel angle at a right turn..............ccc.e........ 81
Ackermann geometry pptimizZation..........cc.eeevveerrveernveerniieeniieeenineeenns 82

: Bumpsteer (old vs. optimized design).........cccceeeeercieeeniieenieeeniee e 82
Figure 3.52 :
Figure 3.53 :
Figure 3.54 :
Figure 3.55 :

Rollsteer (old vs. optimized design)..........ccoecveeevveeenieennieeniieenieeene 83
Ackermann error (old vs. optimized design).........ccceevvveerieeenveeennenn. 83
Comparison of old vs. optimized design...........cceeceeevvieeriieeniiieenieennne 84
SWA corrections of old & optimized design during

straight ahead driving.........cccoeiiieiiiiiniiiee e 86

XV



XVvi



STEERING SYSTEM OPTIMIZATION OF A HEAVY-COMMERCIAL
VEHICLE TO IMPROVE STRAIGHT AHEAD CONTROLLABILITY
USING KINEMATICS& COMPLIANCE ANALYSIS

SUMMARY

The broad objective of this thesis work is to improve the straight ahead
controllability performance of a heavy commercial vehicle by optimizing the
suspension kinematics characteristics of the vehicle. ADAMS/Car full vehicle model
simulations are used during the optimization process and the results are verified
using subjective evaluations and objective measurements.

The first step of the thesis work is making the problem definition clearly in order to
pay critical attention to specific points. Subjective evaluations and objective
measurements are performed with the selected vehicle and 3 different heavy
commercial vehicles. The results show that the straight ahead controllability
performance of the selected vehicle needs improvements in order to fulfill the heavy
commercial vehicle drivers expectations. An objective metric is defined for steering
wheel angle corrections required during straight line driving. It is important to
quantify the subjective feelings with objective measurements and metrics, so that the
applied improvements could be tracked in a more systematic way.

As a second step, the ADAMS/Car model of the selected heavy commercial vehicle
is built. Since the optimization study is performed on front suspension and steering
system, high-level of attention is paid during the modelling of those systems. All
bushings (leafspring bushing, antiroll bar bushing, etc.) are physically measured and
entered to the model.

The next step for the thesis work is the correlation of the ADAMS/Car model with
the real life. In order to perform this correlation work, component and system level
test are performed such as leafspring force-deflection measurements and
kinematics&compliance analysis for the suspension and steering characteristics of
the vehicle. The correlation work is divided into three major sections; static,
kinematic and dynamic. However, the hardpoint optimization study is just based on
kinematic simulations, therefore the first two sections of the correlation is performed
using the component level tests and real-life vehicle measurements.

The fourth step of the thesis work is to use the correlated ADAMS/Car model for the
steering and suspension hardpoint optimization study. A candidate hardpoint list is
formed in which the related hardpoints are defined. The rule of thumb improvements
regarding the bumpsteer and rollsteer characteristics of the vehicle are performed
seperately before starting the hardpoint optimization study. The application of these
rule of thumb improvements have decreased the number of hardpoints which can be
used for the optimization study. The optimization study is performed for each design

XVvil



constraint (bumpsteer, rollsteer and maximum wheel angle) and an optimized point is
found which satisfies all design contraints.

As a final step, the physical verification tests (both subjective and objective) are
performed for the optimized hardpoints using prototype parts. The subjective
evaluation results and objective measurements show that the hardpoint optimization
study result in significant improvement on straight ahead controllability performance
of the vehicle.
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AGIR TiCARI BiR TASITTA DUZ YOLDA GiDERKENKI KONTROL
EDILEBILIRLiIGIN IYILESTIRMESI iCiN KiNEMATIK VE ESNEKLIiK
ANALIZLERiI KULLANILARAK DIREKSIYON SiSTEMI
OPTIMiZASYONU YAPILMASI

OZET

Bu tez calismasinin ana amaci agir ticari bir tasitin diiz yol kontrol edilebilirligini
direksiyon sistemi optimizasyonu sirasinda kinematik ve esneklik analizleri
kullanarak iyilestirmektir. Tez calismasina baslanilabilmesi icin secilen agir ticari
tasitin diiz yol kontrol edilebilirligindeki problemin taniminin objektif ve subjektif
degerlendirmeler sonucunda yapilmasi gerekmektedir. Yapilan problem tanimina
istinaden optimizasyon caligmasi sirasinda kullanilacak olan ¢oklu parca dinamikli
model ADAMS/Car yazilimi kullanilarak olusturulmalidir. Optimizasyon éncesinde
olusturulan ¢oklu par¢a dinamikli modelin gercek hayat ile kiyaslandiginda ne kadar
dogru sonuclar verdiginin kontrol edilmesi ve gerekli noktalarda model iizerinde
belirli modifikasyonlar yapilmas1 gerekmektedir. Gergek hayat ile uyumlu sonuglar
veren coklu parca dinamikli model direksiyon ve siispansiyon sistemi
optimizasyonunda kullanilabilmektedir. Optimizasyon sonrasinda gelistirilmesi
planlanmis siispansiyon ve direksiyon sistemi oOzellikleri kontrol edilip sistem
seviyesi gelisim gosterilmelidir. Son olarakta sistem seviyesinde yapilan bu
iyilestirmelerin ara¢ seviyesinde nasil sonuglar verdiginin subjektif ve objektif olarak
dogrulanmasi ve kontrol edilmesi gerekmektedir.

Tez calismasinin ilk adimi olarak problem taniminin tam ve dogru bir bicimde
yapilabilmesi i¢in ¢alisilmistir. Problem taniminin yapilabilmesi i¢in segilen arac ve
farkli 3 arag ile subjektif degerlendirmeler ve objektif dl¢timler yapilmistir. Subjektif
degerlendimeler agir ticari tasit kullanilmasi ve notlandirilmasi konularinda uzman
bir ekip tarafindan yapilmistir. Hem subjektif hem de objektif sonuclar secilen aracin
diiz yolda kontrol edilebilirlik performansinin miisteri beklentilerini karsilamayacak
diizeyde oldugunu gostermistir. Yapilan gelistirmeleri sistematik bir bicimde takip
edebilmek adina diiz yolda kontrol edilebilirligi tanimlamak i¢in objektif bir metrik
olusturulmustur. Bu metrik diiz yolda aract kontrol edebilmek icin gereken
direksiyon diizeltmelerinin mutlak toplaminin test siiresine boliinmesi ile bulunur ki,
yaklasik bir saniyede yapilan direksiyon diizeltmesi ihtiyacini anlatir. Metrik ne
kadar biiyiikse aracin diiz yolda kontrol edilebilirlik performansinin o kadar diisiik
oldugu anlasilmaktadir. Biitiin araclarda objektif Ol¢timler direksiyon aci/tork
sensorii ve ara¢ hizin1 6lcen GPS bazli bir ekipman kullanilarak yapilmistir. Yapilan
calisma sonrasinda da objektif metrik ve subjektif degerlendirmelerin test edilen
araclarin  siralamaya konulmasi bakimindan birbiri ile uyumlu oldugu
gozlemlenmistir.

Ikinci adim olarak, tez calismasinda kullamlacak olan ADAMS/Car modeli

olusturulmustur. Model 6 ana boliim olarak modellenip daha sonrasinda dogru
baglayici elemanlar kullanilarak birlestirilmistir. Bu boliimler, 6n siispansiyon,
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direksiyon sistemi, arka siispansiyon, sasi, lastikler-jantlar ve kabinden olugmaktadir.
Tez caligmasinin amaci direksiyon ve On siispansiyon sistemlerinin optimizasyonu
oldugu i¢in aracin On siispansiyonunun ve direksiyon sisteminin modellenmesi
tizerinde daha ¢ok vakit harcanmistir. Aracin On siispansiyon sistemi, makaslh ve viraj
denge cubuklu katr akstan olugsmaktadir. On siispansiyon sistemindeki makas ve viraj
denge cubuklar1 cubuk elemanlar olarak modellenmis olup bahsi gecen sistemlerdeki
biitiin burclar fiziksel olarak olctiiriiliip modele test sonucu olarak aktarilmistir.
Direksiyon sistemi, direksiyon simidi, direksiyon kolonu, degisken oranl direksiyon
kutusu, pitman kolu, kisa rot, deve boynu, colak kollar1 ve uzun rottan olusmaktadir.
Direksiyon sistemindeki biitiin kollar ve rotlar kati cisim olarak modellenmis olup,
esneklikleri ihmal edilmistir. Aracin arka siispansiyonu 4 hava koriigii, 2 boylamsal
rod, 1 V seklinde rod ve denge cubugundan olusmaktadir. Arka siispansiyondaki
denge cubugu On siispansiyonda oldugu gibi cubuk elemanlar yardimiyla
modellenmistir. Hava koriiklerinin modelleri farkli basinglarda yapilan fiziksel
Olciim sonuclarina gore olusturulmustur. Bahsi gegen rodlarin u¢ kisimlarindaki
kaucuk baglanti elemanlarinin hepsi fiziksel olarak olctiiriiliip modele test sonucu
olarak aktarilmistir. Aracin sasisinin esnekligi bu optimizasyon caligmasi i¢in ithmal
edilmis olup kat1 cisim olarak modellenmistir. Bahsi gecen diger biitiin boliimler ve
parcalar aracin sasisine belli baglanti elemanlarinin yardimiyla tutturulmustur.
Aracin lastiklerinin dogru bir sekilde modellenebilmesi icin lastikler fiziksel olarak
Olctiiriiliip, 6l¢iim sonuglart modele belli formiiller yardimiyla aktarilmistir. Lastik-
jant komplesinin agirligi da gercek hayatta etkidigi bolgeye nokta kiitle olarak
tanimlanmistir. Aracin kabini 4 noktadan bagimsiz kabin siispansiyonu ve salincak
kollar1 yardimiyla aracin sasisine baglanmis durumdadir. Kabin siispansiyonunda
bulunan yay, amortisér ve burclarin tamami fiziksel olarak Olctiiriiliip modele test
sonucu olarak aktarilmistir. Bunlarin disinda bulunan kollar ve baglanti elemanlar
kat1 cisim olarak modellenmistir. Optimizasyon sirasinda dinamik analizler
kullanilmadigr icin kabinin agirlik merkezi yiiksekligi ve eylemsizlik momentleri
ortalama degerler olarak hesaplanip modele aktarilmistir. En son olarak biitiin bu
aciklanan boliimler dogru baglanti elemanlar1 vasitasiyla birbirlerine baglanip tam
ara¢ modeli olusturulmustur.

Hazirlanmis olan modelin optimizasyon calismasinda kullanilabilmesi ve dogru
sonuglar verebilmesi acisindan modelin gercek hayat ile uyumunun kontrol edilmesi
ve gerekli noktalarda degisiklikler yapilmasi gerekmektedir. Modelin gercek hayat
ile uyumu 3 asamada kontrol edilmektedir. Tk asama statik korelasyon, ikinci asama
kinematik korelasyon ve son asama dinamik korelasyondur. Statik korelasyon
sirasinda, aks yiiklerinin, yaylanmaz kiitlelerin ve agrilik merkezi yiiksekliklerinin
gercek ara¢c ile uyumu kontrol edilmistir. Ikinci asamda yapilan kinematik
korelasyonda, hazirlanmis coklu parca dinamikli model gergcek ara¢ tizerinden
toplanmis kinematik ve esneklik datalarina ve parga seviyesi test sonuglarina gore
gercek hayat ile uyumlu hale getirilmistir. Kinematik ve esneklik analizlerine gore
gercek hayat ile dogrulanan arag¢ ozellikleri, lastiklerin diisey yonlii hareketlerindeki
tekerlek merkezi hareketleri, tekerlek merkezlerinin diizlemsel ve yatay yiikler
altindaki hareketleri ve tekerlek merkezlerinin toplayict moment yoniindeki
torklardaki hareketleri olarak Ozetlenebilir. Bu asamada model sadece statik ve
kinematik olarak gercek hayat ile uyumlu hale getirilmis olup dinamik olarak gercek
hayat ile uyumlulugu kontrol edilmemistir ancak optimizasyon ¢alismasi kinematik
simiilasyonlardan olustugu i¢in bu durum bir problem tegkil etmemektedir.
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Gercek hayat ile uyumlu hale getirilmis olan model optimizasyon c¢alismasinda
kullanilmaya uygun hale gelmistir. Bundan sonraki adim optimizasyon ¢alismasinin
yapilmasidir. Optimizasyon calismast aracin siispansiyon hareketleri sirasindaki
diimenlemesini, dingilin yalpasi sirasindaki diimenlemesini ve maksimum teker
doniis acilarinin ayarlanmasini ele almistir. Bu 3 parametreyi en cok etkileyebilecek
parcalar ve koordinatlar1 ¢ikartilip listelenmistir. Ilk asamada belirlenen 6 adet
koordinat takimi su noktalardan olusmaktadir; direksiyon kutusunun sasiye
baglandig1 nokta (1-x,y,z), makas on goziiniin sasiye baglandigi nokta (2-x,y,z),
pitman kolunun kisa rota baglandigi nokta (3-x,y,z), kisa rotun deve boynuna
baglandig1 nokta (4-x,y,z), colak kollarinin uzun rota baglandigi nokta (5-x,y,z) ve
makas arka goziiniin sasiye baglandigi nokta (6-Xx,y,z). Hem optimizasyon
calismasinin verimi hem de diger sistemleri ve ara¢c Ozelliklerini etkileyen
koordinatlar belli basli kurallar cercevesinde olmasi gereken noktalara getirilmistir.
Bu calisma sonrasinda elde kalan koordinat takimi sayis1 3’e indirilmistir; pitman
kolunun kisa rota baglanti noktasinin z koordinati (3-z), kisa rotun deveboynuna
baglant1 noktasi (4-x,y,z) ve ¢olak kollarinin uzun rota baglandig1 nokta (5-x,y,z). ile
optimizasyon calismast gerceklestirilmistir. Maksimum doniis acis1 parametresinin
optimizasyonu sirasinda istatistiksel bir calisma yapilmis olmasina karsin diger iki
parametre de istatistiksel bir ¢aligma yapilamamistir. Bunun nedeni ise diger iki
parametrenin tek bir metrik ile tanimlanmasinin miimkiin olmayisidir. Tamamlanan
optimizasyon caligsmasi sonrasinda 3 parametrenin de gerekliliklerini yerine getiren
bir parca ve koordinat takimi elde edilmistir.

En son adim olarak da yapilan optimizasyon ¢alismasinin gercek hayatta da beklenen
lyilestirmeyi saglayip saglamadigi arastirilmigtir. Bu arastirma c¢alismasi igin
olusturulan par¢a ve koordinat takimina uygun prototip pargalar ile yeni bir arac
toplanip eski tasarima sahip olan bir ara¢ ile subjektif ve objektif olarak
kiyaslanmistir. Yapilan subjektif degerlendirmelerin hepsi problem tanimi sirasinda
aract degerlendirmis, agir ticari tasit kullanilmasi ve notlandirma konularinda
uzmanlagsmis bir ekip tarafindan tamamlanmistir. Subjektif degerlendirmelerin
sonuclart optimizasyon sonrasinda iyilestirme planlanan biitiin noktalarda
farkedilebilir oranlarda iyilestirmeler elde edildigini gostermektedir. Subjektif olarak
tespit edilen bu iyilesmenin objektif olarak da gosterilebilemesi i¢in problem tanimi
sirasinda yapilan objektif Ol¢iimler ile ayni kosullarda optimize edilmis pargalarin
bulundugu arac¢ ile objektif Olciimler yapilmistir. Objektif Olciimler sonucunda
problemin net olarak takip edilebilmesi i¢in olusturulmus olan diiz yol kontrol
edilebilirligi metriginde ciddi miktarlarda azalma tespit edilmistir, bu da subjektif
olarak hissedilen iyilesmenin objektif olarakta bir karsilanmast anlamina
gelmektedir. Subjektif degerlendirmelerin objektif sonuclar ile uyumlu olmasi da
olusturulan metrigin diiz yol kontrol edilebilirligini 1yi bir bigmde temsil ettigini
gostermektedir.

Sonug¢ olarak, diiz yol kontrol edilebilirlik performansi beklentileri karsilamayan,
problemli olarak secilen aracin optimizasyon sonrasinda yapilan subjektif ve objektif
degerlendirmelerde optimizasyon dncesinde problem olarak gosterilen 6zelliklerinin
farkedilebilir derecelerde iyilestirildigi gosterilmistir.
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1. INTRODUCTION

In the developing world, transportation of goods is one of the most important sub-
sections of commerce and trade. There are five types of primary carriers for the
transportation of goods, such as; railroads, waterway carriers, motor-freight carriers,

pipelines and air-freight carriers.

The statistics that are generated by European Union show that motor-freight carriers
are mostly used among the other 4 types. In order to measure the exact usage, a unit
of tone-km is used which is a measure representing the movement over a distance of
one kilometer of one tone of goods. Table 1.1 shows the statistical information
regarding the good transportation which is published during International Transport

Forum in 2011 [1].

Table 1.1 : Good transportation statistics.

Goods Transport (million Ton-km) Goods Transport (million Ton-km) Goods Transport (million Ton-km)
by by by

Motor-Freights

Rail-Road

Waterways

National

International

National

International

National

International

720,203

301,219

187,843

160,628

19,678

67,746

The motor-freight carriers are considered in road transportation which has a
significant effect on economical development of a country. Road transportation is not
only an important individual activity field in itself but also an important service

sector that is related to all other sectors.

The road transportation of goods depends on the distance, the goods are transported
by road, the weight and volume of the individual shipment and the type of goods
transported. For short distances and light, small shipments a van or pickup truck may
be used. For large shipments, a truck is more appropriate due to the high weight and

volume capacity.

The motor-vehicles which are used during road transportation of goods (van, pick-

up, trucks, semi-trailers, etc.) are categorized in different sub-segments according to



European Commission Directive 2001/116/EC of 20 December 2001 [2]. The good

carrying motor-vehicle categories are presented in Table 1.2.

Category N3 & N3+04 vehicles are mainly used during National transportation;
however, only Category N3+0O4 vehicles (semi-trailer truck versions) are used for

International transportation due to higher load carrying & volume capacities.

The semi-trailer trucks are often called as tractor-trailer combinations which have
some different types depending on the axle numbers of tractor & trailer and axle

types of the tractor.

Table 1.2 : Good carrying motor-vehicles categories (2001/116/EC).

Category N |Motor vehicles with at least four wheels designed and constructed for the carriage of goods

Light Commercial Vehicles - designed and constructed for the carriage of goods and having a maximum

N1 mass not exceeding 3.5 tonnes.

N2 Large Goods Vehicles - designed and constructed for the carriage of goods and having a maximum mass
exceeding 3.5 tonnes but not exceeding 12 tonnes.

N3 Large Goods Vehicles - constructed for the carriage of goods and having a maximum mass exceeding 12

tonnes.

Categorz O |[Trailers (including semi-trailers)

o1 Trailers with a maximum mass not exceeding 0.75 tonnes.

02 Trailers with a maximum mass exceeding 0.75 tonnes but not exceeding 3.5 tonnes.
03 Trailers with a maximum mass exceeding 3.5 tonnes but not exceeding 10 tonnes.
04 Trailers with a maximum mass exceeding 10 tonnes.

Figure 1.1 shows the diagram of a 6x4 tractor-trailer combination.

The usage of heavy commercial vehicles (HCV) is increasing day by day and the
HCV manufacturers are improving their current productions as well as developing
new models to meet that customer demand. The statistics show that the production
numbers of heavy commercial vehicles are increased %55 from 2009 to 2010 all over

the world [3]. Table 1.3 shows the HCV production numbers for different regions;

The basic scope of heavy-commercial vehicle development which was just
concentrated on fuel-economy, durability and performance feel is not capable of
fulfilling the increasing customer expectations anymore. HCV developers
concentrate on additional vehicle attributes such as steering, ride comfort, NVH,
braking, ergonomics and exterior-interior design in order to provide the passenger-

car like perception to HCV drivers during long distance drives.
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Figure 1.1 : A schematic view of a tractor (6x4)-trailer combination.

Table 1.3 : Heavy commercial vehicle production numbers (in Millions).

2009 2010 Change in Percentage
(6 months) (6 months) 2009 — 2010

North America 97 115 19
South America 58 95 64
West Europe 120 149 24
East Europe 26 39 50
Asia - Pasific 1048 1703 63
Africa 9 9 0
TOTAL 1358 2110 55

The objective of this thesis work is to present the model validation methodology and

the optimization study on suspension & steering hard points of a HCV to improve the

straight ahead controllability of the vehicle. The results of the optimization study on

suspension kinematics and steering performance of the vehicle is verified using both

full vehicle simulations and vehicle testing.




A full vehicle ADAMS/Car model is used for the validation and optimization study
which has beam-element leaf springs on solid axle and air springs on drive axle for
front and rear, respectively. The steering system of the mentioned HCV consists of a
steering wheel, steering column subsystem, a variable-ratio steering gear with
recirculating ball mechanism, a pitman arm, a drag link, an upper steering arm, two
lower steering arms and a tie-rod. All steering linkages are modeled as rigid bodies in
ADAMS/Car model during the optimization study. The optimization factors are
selected as pitman arm-to-drag link hard point, drag link-to-upper steering arm hard
point, and lower steering arm-to-tierod hard point. The aim of this optimization study
is to improve and find an optimum point for the kinematic properties such as
bumpsteer, rollsteer, percent Ackermann, maximum wheel angle and their symmetry.
The improvements on kinematic properties are verified with vehicle testing on

different maneuvers with the prototype vehicles.

1.1 Purpose of Thesis

The customer surveys that are made for HCV reveal that the straight ahead
controllability performance of a vehicle is considerably important for long-distance

drivers.

Making large amount of corrections on the steering wheel to drive on a straight line
requires huge driver effort and concentration which results in exhaustion. The
National Transportation Safety Board (NTSB) reports that %20-%40 of trucking
accidents are caused by truck driver fatigue [4]. Although the main reasons for the
driver fatigue are extra working hours and low sleeping quality, exhaustion caused
by the vehicle characteristics can be counted as consequential reason on driver

fatigue.

In addition to the driver fatigue, making large amount of steering wheel corrections
while driving on straight lanes give the drivers a feeling that the control is not in the

driver’s hands.

In order to observe whether the selected vehicle fulfills the customer expectations in
terms of straight ahead & cornering controllability or not, a subjective jury
(professional drivers) evaluation is performed with additional 3 different vehicles.

Straight ahead and cornering controllability terms are explained in detail below;



Straight ahead controllability refers to the steering properties (response, roll control,
torque feedback, modulation, symmetry) around the straight ahead position and how
these characteristics work together to allow the driver being precise and confident
during steering control. These properties are the vehicle reactions and torque
feedback to small steering corrections that are required to keep the vehicle in a

straight path.

Cornering controllability describes how the steering characteristics (response, roll
control, torque feedback, returnability, modulation, symmetry) work together to give
the driver precise and confident control while cornering, particularly at moderate and
high speeds. These properties include the vehicle’s reaction and the torque feedback
to steering inputs both when turning the vehicle into a corner as well as the steering
adjustments required to keep the vehicle on the intended curvature. It also includes
the steering properties that help the driver return to straight-ahead when exiting a

corner.

For a complete subjective assessment these characteristics need to be evaluated at

various speeds, road and weather conditions.

A rating scale which is well-known by the jury should be used in order to have an
accurate alignment between the evaluators. The rating scale of GOST R 52302
regulation is modified and used during the jury evaluation which is presented in

Table 1.4 [5].

Table 1.4 : Rating scale used during jury evaluation.

1 1.5 2 25 3 3.5 4 45 5
Very Bad Bad Satisfactory Good Excellent
Needs to be Improved Desirable to Improve No Need for
Improvement
Not Acceptable Borderline Acceptable

The subjective evaluation results are processed into a sheet to observe the points
where improvement is needed. Table 1.5 shows the jury subjective evaluation results

for the selected vehicle and additional 3 vehicles.

The subjective evaluation results show that the straight ahead controllability
performance of the selected vehicle should be improved in order to fulfill the

customer needs and expectations.



Table 1.5 : Subjective evaluation results of professional drivers.

S\zﬁf‘:f: Vehicle - 1 Vehicle - 2 Vehicle - 3
Response 3.0 4.0 3.5
Straight Ahead Roll Control 3.0 3.5 4.0
Controllability |Torque Feedback 3.0
Modulation 3.5
Symmetry 4.0 4.0
Response 3.0 4.0 4.0
Roll Control 3.0 3.5 4.0
Cornering  |Torque Feedback 3.0 3.0
Controllability Returnability 3.5
Modulation 3.0 3.0 4.0 4.0
Symmetry 3.0 4.0 4.0

Needs to be Improved

Desirable to Improve

No Need for Improvement

It is important to synchronize these subjective feelings with objective metrics in
order to track the improvements in a systematic way. Therefore an objective metric
which can quantify the straight ahead controllability performance of the vehicle is

needed.
The objective metric (1.1) is defined as the steering wheel corrections made by the

driver per second while driving in a designated corridor.

S [SWA
5=——

(1.1)

where
ISWAI = absolute integral of SWA corrections,
t = total data collection time,

The designated corridor is formed according to the maximum vehicle width of the

vehicle. (excluding cabin and mirrors).

Corridor Width = Max. Vehicle Width + 0.5 m 1.2)



Objective measurements are performed on the same vehicles that are subjectively
evaluated with a speed of 80 kph when the vehicles are towing a fully loaded trailer.

5 runs with each vehicle need to be completed in order to calculate a trustable metric.

Steering wheel angle and vehicle speed sensors are needed in order to conduct the
objective measurements. Figure 1.2 and Figure 1.3 present the steering wheel
angle/torque sensor and speed sensor that are used during the objective

measurements, respectively.

Figure 1.2 : SWA/SWT sensor used during objective measurements.

Figure 1.3 : Transducer that is used for measuring vehicle speed during objective

measurements.



A sample run of each vehicles objective merasurements are presented in Figure 1.3.
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Figure 1.4 : SWA corrections vs. time plot for all subjectively evaluated vehicles.

Table 1.6, Table 1.7, Table 1.8 and Table 1.9 present the metric calculations and

results of selected vehicle, vehicle-1, vehicle-2 and vehicle-3, respectively.

Table 1.6 : Objective metric calculation of selected vehicle.

Selected Vehicle (with Trailer & 80 kph)
ZISWA| (°) t(s) Metric (°/s)

Run-1 215.5 26.6 8.10
Run-2 225.2 27.3 8.25
Run-3 256.3 27.9 9.19
Run-4 237.3 27.2 8.72
Run-5 224.5 27 8.31

AVERAGE 8.52

The objective metric calculations show consistent results with the subjective

evaluation results of professional drivers.

As a final result of both subjective evaluation results and objective measurements, it
has been concluded that the straight ahead controllability performance of the selected
vehicle should be improved by performing considerable kinematic changes in order

to meet the customer expectations.



Table 1.7 : Objective metric calculation of vehicle-1.

Vehicle - 1 (with Trailer & 80 kph)

ZISWA| (°) t(s) Metric (°/s)
Run-1 128.1 25.8 4.97
Run-2 152.3 26 5.86
Run-3 131.2 26.2 5.01
Run-4 95.8 26.4 3.63
Run-5 122.1 26.4 4.63
AVERAGE 4.82

Table 1.8 : Objective metric calculation of vehicle-2.

Vehicle - 2 (with Trailer & 80 kph)

Z|SWA| (°) t(s) Metric (°/s)
Run-1 28.84 25.84 1.12
Run-2 28.80 26.04 1.11
Run-3 30.75 26.12 1.18
Run-4 31.02 25.98 1.19
Run-5 27.94 25.92 1.08
AVERAGE 1.13

Table 1.9 : Objective metric calculation of vehicle-3.

Vehicle - 3 (with Trailer & 80 kph)

T|SWA| (°) t(s) Metric (°/s)
Run-1 94.29 26.2 3.60
Run-2 123.7 24.9 4.97
Run-3 98.2 26.6 3.69
Run-4 87.6 26.9 3.26
Run-5 104.9 26.8 3.91
AVERAGE 3.89




The purpose of this thesis is to present the steering hardpoint optimization of a heavy
commercial vehicle using kinemaitcs and compliance analysis in order to improve

the straight ahead controllability performance of the vehicle.

1.2 Literature Review

Steering system design of motor vehicles has a great importance during vehicle
development due to its functional characteristics, safety aspects and comfort
expectations of the drivers. Therefore, several studies on steering system designs of

motor vehicles are performed all over the world starting from early 1950s until now.

Schipper and Moss has investigated the heavy commercial steering, system by sytem
and shared the design objectives for each component. As a final study, they have
shared the vehicle level attainments with the fulfillment of component level design

objectives [6].

The steering system of heavy commercial vehicles has been investigated in details
starting from steering wheel to front wheels by John W. Durstine [7]. The
mechanical and constructional specifications of all parts that are included in the
steering system are explained and the design parameters that affects the kinematic

characteristics are indicated.

Peppler, Johson and Williams have performed studies about the effects of steering
systems on on-center handling characteristics of the heavy commercial vehicles.
Different steering gear parts with different specifications (ratio, boost curve, etc.)
have been evaluated by an experienced jury and a contribution analysis is made [8].
Their study is mainly concentrated on improving the on-center steering performance
of the heavy commercial vehicles using different steering system parts rather than

kinematical analysis.

An optimization of front bumpsteer for a double-wishbone suspension system using
design of experiments has performed by Suh, Lee and Yoon [9]. They have selected
the design varables which have the largest influence on bumpsteer characteristics
using experimental sensitivity analysis. The purpose is to minimize the object
function (bumpsteer) using the selected design variables. The verification for the

minimization of bumpsteer characteristics of the vehicle is made using single lane
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change tests since the study is performed to decrease the understeer tendency of the

vehicle.

Ekinci has performed a study on steering system optimization and verification of a
heavy commercial vehicle and concentrated on different steering gears, reducing
friction in the system, steering column hardpoints and non-uniformity optimizations
using ADAMS [10]. The verification tests are performed both subjectively and

objectively and compared with a competitor vehicle.

Conducted researches and studies show that the steering system optimization is an
important part of the vehicle development which is directly in communication with
the drivers. This thesis work is concetrated on straight ahead controllability
performance of the vehicle specifically which can not meet the customer
expectations. It has been proven that the straight ahead controllability performance of
the vehicle can not fulfill the customer expectations by customer surveys, subjective
evaluations and objective measurements. The kinematic characteristics of the vehicle
such as bumpsteer, rollsteer, ackerrman, etc. are used to improve the straight ahead
controllability performance of the vehicle. The above mentioned kinematic
characteristcs are optimized using a full-vehicle ADAMS model and verified using
prototype parts on real life vehicles by kinematics & compliance analysis and

objective measurements.

1.3 Thesis Outline

Customer surveys, subjective evaluations and objective measurements show that the
straight ahead controllability of the selected vehicle needs to be improved in order to
fulfill the customer expectations. This thesis work is performed to improve the
straight ahead controllability of a selected vehicle by optimizing its steering &

suspension hardpoints.

Thesis is divided into 4 sections; introduction, technical background, methodologies

and results, conclusions and recommendations.

In the technical background section, the steering system details & important steering

kinematics of a heavy-commercial vehicle are presented.

The third section is the main section of the thesis and includes methodologies and

results of the thesis work. The first part of the third section presents the details of
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building the ADAMS/Car model of the selected 4x2 tractor. The correlation study
and methodology of the 4x2 tractor ADAMS model are presented in the second part
of the third section. Following the second part, the steering and suspension hardpoint
optimization and its results are presented as a third part. The final part of the third
section shows the vehicle level improvements (subjective & objective) of the

hardpoint optimization.

As a final section, the conclusion and recommendations are presented.
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2. TECHNICAL BACKGROUND

2.1 Steering System Details of a HCV

Steering system is responsible to steer the front wheels of the vehicle according to
driver inputs, in order to provide overall directional control of the vehicle. The actual
steer angles that are achieved according to driver inputs are modified by the

geometry and reactions within the suspension and steering systems.

The steering systems consist of the parts which transmit the forces and motions
between the steering wheel and left-right wheels. In recirculating ball steering

systems, the following parts are used;

e Steering Wheel,

Steering Column Assembly,
® Steering Gear,

e Pitman Arm,

¢ Drag Link,

e Upper Steering Arm,

e Knuckles,

e [Lower Steering Arms,

e Tierod.

A sample recirculating ball steering system is presented in Figure 2.1

2.1.1 Steering wheel

The steering wheel is used by the driver to control the directional tracking of the
vehicle. Driver efforts applied to the steering wheel becomes torque in the steering

column and thus the primary input to the steering system.
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Figure 2.1 : Recirculating ball steering system [11].

Although all of the newly produced heavy commercial vehicles have power-assisted
steering systems, it is important that the driver is able to control the vehicle when the
power assist system fails. In order to make the vehicle steerable without power assist,
steering wheel diameter can be increased. An increase in steering wheel diameter
results in more torque in the steering column from the same amount of driver effort.

Figure 2.2 represents the forces and torques acting on the steering wheel and column.

Table 2.1 presents the ECE.79 regulation limits for the driver efforts with power

assistance and without power assistance for N3 category vehicles.

Table 2.1 : Driver effort limits in ECE.79.

With Power Assisted Without Power Assisted

Maximum Effort (N) Steering Time (s) Maximum Effort (N) Steering Time (s)

N3

200 4 450 6
Category
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RIM PULL FORCE

ENTRY FORCE
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STEERING GEAR
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‘ STEERING COLUMN ANGLE

A’ V’

Figure 2.2 : Forces & torques acting on the steering wheel-column assembly [7].

Steering Time means the period of time from the beginning of the movement of the
steering control to the moment at which the steered wheels have reached a specific

steering angle.

2.1.2 Steering column assembly

The steering column positions the steering wheel in the cabin in relation to driver and
connects the steering wheel to steering gear. The most important function of the
steering column assembly is transmitting torque to the steering gear. As a second
function, it has to compensate the relative motions (angular or translational) of the

cabin with respect to chassis. Figure 2.3 presents steering column assembly.

Figure 2.3 : Steering column assembly.
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The steering column assembly consists of upper and lower shafts, two U-joints and
an intermediate shaft between the U-joints. The first U-joint is connecting the upper
shaft with the intermediate shaft and the second one is connecting the intermediate
shaft with the lower shaft. For each of these U-joints the output velocity is not equal
to the input velocity. According to the actual angle of rotation measured at the input
shaft © the output velocity may be larger (6=0°, when the input pin is in the joint
plane) or smaller (6=90°, when the input pin is perpendicular to the joint plane) than
the input velocity. Figure 2.4 presents the input-output velocity relationship of the U-

joints.

Wigw of U-Joint
at Mlaximum Output Velocity

View of U-Toint
at Il vam Ozt V eloeity

Figure 2.4 : Input-Output velocity relationship of U-joints.

The orientation of the U-joints affects the non-uniformity caused by the steering
column assembly. The average steering ratio should be smooth for the full range of
steering wheel operation so the driver should not feel an oscillating torque feedback
caused by steering column non-uniformity. There are three different design options
that can be followed during U-joint orientation adjustments which are presented in

Figure 2.5.

2.1.2.1 Optimum design

The non-uniformity is designed down to a level that the phase is not relevant.

2.1.2.2 Slow on-center option

The steering ratio is highest on the center of the steering wheel position. It goes
along with a minimum output velocity at the gear input shaft compared with the
steering wheel velocity. The advantage of this design is that the steering wheel
torque is also at a minimum on the center and increases when the steering wheel is

rotated out of the center. This phenomenon provides a good center feel.
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2.1.2.3 Fast on-center option

The steering ratio is at a minimum on the center of the wheel position. It goes along

with a maximum output velocity at the gear input on the center.

Avg. Steering Ratio vs. Steering Wheel Angle

Optimum Design

o 17 Fast On-Center Design
% Slow On-Center Design
= T . — ) M SO,
% / = / e R A \
i / \
S _—
a5

—as50 —3680 —270 —180 —90 o 20 180 270 360

Steering Wheel Angle (deg)

Figure 2.5 : On-Center characteristics with different non-uniformity designs.

2.1.3 Steering gear

The steering gear is a gearbox that multiplies steering input torque and changes its
direction. The recirculating ball steering gears contain a worm gear. The worm gear
has a round thread in which ball bearings run, which carry the ball nut rack with
them when the steering wheel is rotated. The ball nut rack has teeth on one side
which mesh with the sector gear and therefore with the sector shaft on which pitman

arm is connected. Figure 2.6 presents an overview of. recirculating ball steering gear.

The recirculating balls are used mainly for decreasing the friction and wear in the
gear. In addition to this, they do not permit the gears to lose contact when the

rotating direction changes suddenly and results in confident steering feeling.

Hydraulic power assistance in a recirculating ball steering gear system works
similarly to a rack-and-pinion system. The power assist is provided by supplying

higher pressure fluid to the one side of the ball nut rack.

Figure 2.7, Figure 2.8 and Figure 2.9 present the pressure distribution in the
recirculating ball steering gear when the steering wheel is in the middle position,

rotated to right and rotated to left, respectively.
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Figure 2.7 : Pressure distribution inside the steering gear when
steering wheel is in the middle.
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J - Gap for Assist

K - Gap for Assist

L - Gap for Returnal
M - Gap for Returnal
N - Axial duct

O - Axial duct

P - Duct for Returnal

_ Working Pressure

Returnal
(Low Pressure)

Figure 2.8 : Pressure distribution inside the steering gear when
steering wheel is rotated to right.

J - Gap for Assist

K - Gap for Assist

L - Gap for Returnal
M - Gap for Returnal
N - Axial duct

O - Axial duct

P - Duct for Returnal

_ Working Pressure

i

Returnal
N (Low Pressure)

Figure 2.9 : Pressure distribution inside the steering gear when
steering wheel is rotated to left.
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2.1.4 Pitman arm

The pitman arm is one of the linkages in the steering system which converts the
output torque (angular motion) generated by the steering gear into a force (linear
motion) to the drag link. Pitman arm has a tapered hole and full splines on the upper
end to be attached to the sector shaft. On the lower end, it is connected with the drag
link via a tapered hole and ball-joint. Pitman arm-to-drag link ball joint hardpoint is
one of the most important hardpoints that affect the vehicle suspension kinematics. A

sample pitman arm is presented in Figure 2.10.

Full Splines & Tapered Hole

Drag Link Connection
(Tapered Hole)

Figure 2.10 : A sample pitman arm.

2.1.5 Drag link

Drag link is a forged rod that connects the pitman arm to upper steering arm. It has
ball joints in both ends and the length of the rod is adjustable at one end which makes
it easy to center the steering gear with the wheels straight ahead. Drag link-to-upper
steering arm hardpoint is one of the parameters that is used during the hardpoint

optimization study. Figure 2.11 presents the details of a partial drag link.

BALL STUD

POLYURETHANE
INSERT
THREADS FOR
COVER ADJUSTABLE
PLATE LENGTH

Figure 2.11 : A partial drag link section [7].
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2.1.6 Upper steering arm

Upper steering arm is a forged or casted part which enables the connection between
drag link and knuckle. It converts the translational force directed from drag link into
a rotational moment on driver side knuckle and wheels. The sweeping area of the
upper steering arm should be taken into consideration during the optimization of
drag link-to-upper steering arm in order to prevent packaging issues. The overall
steering ratio is highly dependent on the length of the upper steering arm which is
defined by the drag link-to-upper steering arm hardpoint and upper steering arm-to-

knuckle hardpoint.

Overall steering ratio is defined as the ratio between the turn of the steering wheel

angle and the road wheel angle.

The connections of a sample upper steering arm are presented in Figure 2.12.

Drag Link
to
Upper
Steering
Arm
Connection

X ‘-T Upper

Steering
Arm
to
Knuckle
Connection

Figure 2.12 : A sample upper steering arm [7].
2.1.7 Knuckles

The torque transferred by the upper steering arm rotates the driver-side knuckle and
tire around the kingpin axis. The knuckles are connected to the front axle with

kingpins, axial and radial bearings which delivers the required degree of freedom in
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order to steer the front wheel angles. Figure 2.13 illustrates a sectional view of

knuckle in order to present the components used inside.

Kingpin inclination angle and knuckle friction are the main parameters that affect the

steering characteristics of the vehicle. Knuckle friction is mainly dependent on the

radial and axial bearings that are used between the knuckle-kingpin and knuckle-axle

interactions, respectively. There are two different type of radial bearings (or

bushings) and axial bearings that are used in knuckle subsystems which result in

different knuckle friction performances. Table 2.2 presents the average knuckle

friction values for different bearing combinations which is highly dependent to the

load on the knuckle (front axle load of the vehicle).

Kingpin
Inclination
Angle

Figure 2.13 : Sectional view of left hand side knuckle.

Upper Stesring
Arm Connection

Lowrer Stesring
Arm Connection

Table 2.2 : Knuckle friction values for different bearing combinations.

Combination-1

Combination-2

Combination-3

Combination-4

Friction (N.m)

Axial Bearings Contact Roller Contact Roller
Radial Bearings Bronze Needle Needle Bronze
Approximate Knuckle 250 20 30 120
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2.1.7.1 Needle roller bearing (Radial)

Needle roller bearings are roller bearings with cylindrical rollers that are small in
diameter. In spite of their low cross section, needle roller bearings have a high load
carrying capacity and are therefore extremely suitable for bearing arrangements
where radial space is limited. Figure 2.14 presents a sample needle roller bearing

cross-section.

movement and operation with no maintenance. Figure 2.15 presents a sample bronze

bearing/bushing.

Figure 2.14 : A sample needle roller bearing [13].

2.1.7.2 Bronze bearing/bushing (Radial)

Bronze bushings are dry sliding journal bearings made of copper. They are intended
for radially loaded bearing arrangements for oscillating, rotational and linear
movement and operation with no maintenance. Figure 2.15 presents a sample bronze

bearing/bushing.

Figure 2.15 : A sample bronze bearing/bushing [13].
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2.1.7.3 Tapered roller thrust bearings (Axial)

Tapered roller bearings have tapered inner and outer ring raceways between which
tapered rollers are arranged. The projection lines of all the tapered surfaces meet at a
common point on the bearing axis. Their design makes tapered roller bearings
particularly suitable for the accommodation of combined (radial and axial) loads. A

sample tapered roller thrust bearing is illustrated in Figure 2.16.

Figure 2.16 : A sample tapered roller thrust bearing [13].

2.1.7.4 Axial plain bearings (Axial)

Axial plain bearings are journal bearings that can carry purely or predominantly axial
loads. Figure 2.17 presents a sample axial plain bearing that can be used between

axle and knuckles.

Figure 2.17 : A sample axial plain bearing [13].

2.1.8 Lower steering arms

Lower steering arms are forged or casted parts which are connected to the knuckles
on both sides. The left-hand side lower steering arm converts the rotating motion of
left-hand side knuckle in to a translational motion on tierod in order to steer the right-

hand side wheel.
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Lower steering arm-to-tierod hardpoints generate the trapezoid geometry on the front
axle thus affects the ackerrman geometry of the front axle. Lower steering arm-to-
tierod hardpoints are the main parameters that are used during the hardpoint
optimization study in order to decrease the ackerrman error during full steering

range.

The connections of a sample lower steering arm are presented in Figure 2.18.

/ Tierod
to
Lower Lower
Steering Steering
Arm Arm
to Connection

Knuckle

Connection

Figure 2.18 : A sample lower steering arm [7].

2.1.9 Tierod

The tierod is a tubular rod with two ball joints at the ends which connects the left-
hand side lower steering arm to right-hand side lower steering arm, therefore it

tranfers the rotational motion of left wheel to right wheels.

The length of the tierod is adjustable in order to perform the front alignment (toe

settings) of the vehicle. Figure 2.19 presents a sample tierod with its connections.

The sweeping areas of the lower steering arm and tierod should be taken into
consideration during the optimization of lower steering arm-to-tierod hardpoints in

order to prevent packaging issues.
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Lower Length of Lower
Steering the Tierod Steering
Arm can be Arm
to adjusted to
Tierod Tierod
Connection Connection
(Balljoints) (Balljoints)

Figure 2.19 : A sample tierod [7].

2.2 Steering Kinematics and Characteristics of a HCV

The steering kinematics of a HCV is highly dependent on the type of steering and
suspension systems. In addition to this, the design optimizations should be performed
well integrated between the steering and suspension systems since their harmony
plays an important role in achieving the required steering characteristics of the total

vehicle.

The kinematic characteristics which form the steering performance of the total
vehicle are highly affected from the same parameters which results in a complex
optimization study. The kinematic characteristics should be investigated in detail in
order to perform an accurate and fast optimization study. The following kinematic
characteristics are the main contributors to the total vehicle steering, therefore, will

be explained in detail;
e Bumpsteer — steer angle change during vertical wheel travel (parallel)
e Rollsteer — steer angle change during suspension roll (cornering)
e Lateral compliance steer — steer angle change during lateral forces

e Longitudinal compliance & wind-up steer — steer angle change during

longitudinal forces (braking)

¢ Rollcamber — camber angle change during suspension roll (cornering)
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e Ackermann Geometry

e Maximum Wheel Angle — maximum steer angle at full lock

2.2.1 Bumpsteer

Bumpsteer is the toe-in or toe-out of the front wheels as the suspension compresses
or rebounds from its normal riding height. Bumpsteer affects the straight ahead
controllability performance of the vehicle in a considerable manner. The intention of
the designers should be minimizing bumpsteer in heavy commercial vehicles in order

to provide a smooth straight ahead driving performance to drivers.

The important parameter is the arc of travel of the drag link-to-upper steering arm
balljoint and the instantaneous center of this arc. Figure 2.20 presents the ideal arc of
drag link-to-upper steering arm and the center of that arc in order to prevent

bumpsteer phenomena completely.

SECTOR STEERING
SHAFT GEAR

e

PITMAN

CENTER

PITMAN ARM DRAG

BALL JOINT LINK IDEAL

ARC REBOUND

Figure 2.20 : Ideal arc of upper steering arm during vertical wheel travel [7].

It is not always possible to achieve this ideal arc due to package reasons. In order to
minimize the bumpsteer, the arc of upper steering arm ball joint should be similar to
the arc made by the axle-to-leafspring connection during vertical wheel travel.
Otherwise, there is a chance of the front wheels rotating in parallel too much which

results in a degradation on straight ahead controllability performance of the vehicle.
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Figure 2.21 presents the rotation of front wheel angles in parallel, thus bumpsteer

1
|

Direction

phenomena.

S

Figure 2.21 : Parallel rotation of front wheel angles [14].

The bumpsteer performance of the vehicle is mainly dependent on the following

hardpoints of the front suspension;
e Leafspring front eye bushing hardpoint,
¢ Pitman arm-to-drag link hardpoint,
e Leafspring-to-axle connection hardpoint,

¢ Drag link-to-upper steering arm hardpoint.

2.2.2 Rollsteer

Rollsteer is defined as changes in steer angles of front wheels during body roll in a
corner or asymetrical bumps and potholes. The rollsteer affects the handling and
stability performance of the vehicle, therefore a change in the gradient of the steer
angles as a function of roll angle should be prevented. Change in gradient results in
unpredictable handling characteristics during cornering. In order to minimize the
rollsteer characteristics of a solid axle, the leafspring front eye bushing hardpoint
should be as close as possible to the centerline of the main leaf, otherwise the
kinematics of left and right leafsprings will not be symmetric, thus rollsteer
phenomena will occur. Figure 2.22 and 2.23 presents the top view and left hand side

view of roll steer phenomena on a solid axle front suspensison.
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Figure 2.22 : Top view of front axle during rollsteer [7].
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Figure 2.23 : Left hand side view of front axle during rollsteer [7].

The rollsteer performance of the vehicle is mainly dependent on the following

hardpoints;

e Leafspring front eye bushing hardpoint,

e Leafspring-to-axle connection hardpoint.

2.2.3 Lateral compliance steer

The lateral forces at the contact patch generated during cornering causes the wheel to
rotate due to softer bushings used in the suspension and steering systems. Lateral
compliance steer results in understeer on a front suspension which has a forward yaw

center, on the other hand rearward yaw center will cause an oversteer. Figure 2.24

illustrates the yaw center - U/S & O/S relationship.
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Figure 2.24 : U/S & O/S relationship with yaw center
during lateral compliance steer [15].

The best way to understand the effect of lateral compliance steer is to investigate the

kinematics and compliance analysis of the vehicle.

2.2.4 Longitudinal compliance & wind-up steer

Longitudinal compliance steer can be defined as the steer angle change during
braking and acceleration. It should be an important design parameter since it is
directly connected to braking stability and torque steer performance (FWD vehicles)

of the vehicles.

In addition to the longitudinal compliance steer during braking, wind-up steer can
occur during braking due to leafspring wind-up. In order to decrease or cancel wind-
up steer effect, the drag link-to-upper steering arm ball joint should lie on the center
of rotation of the leafspring during braking. Figure 2.25 presents the wind-up steer
effect caused by the leafspring rotation around y-axis of the vehicle and drag link-to-

upper steering arm hardpoint.

Wind-up steer effect should also be considered during suspension and steering

system designs and optimizations of the vehicle.
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Figure 2.25 : Potential steering effect of wind-up steer [7].

2.2.5 Rollcamber

Rollcamber can be defined as the camber angle change during cornering of the
vehicle. Camber angle on a wheel produces lateral force known as camber thrust.

Figure 2.26 presents the camber thrust phenomena.

KING-PIN
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Figure 2.26 : Camber thrust phenomena [16].

Camber angle and its change during cornering produces much less lateral force than
the slip angles generate. This amount is smaller on solid axles (approximately 10%
percent of the lateral force caused by slip angles) since the camber angle changes are

lower.

2.2.6 Ackermann geometry

Ackermann geometry is the geometric arrangement of the steering linkages of a
vehicle in order to allow to rotate the inside and outside wheels of the vehicle in

different angles during cornering. Inside wheel should follow a smaller radius than
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the outside wheel when the vehicle travels round a bend. Figure 2.27 illustrates an

example of inner and outer wheel angles during cornering in true rolling condition.

) &

L

-t _.,l Center

Figure 2.27 : Inner and outer wheels during cornering (where o; > d,) [15].

True rolling of the wheel is achieved when the wheel is moving along the
longitudinal axis of the wheel. When the wheel is moving along the direction which
is a combination of lateral and longitudinal direction vectors, the movement of the

wheel will be combination of lateral distortion and true rollling.

Ackermann geometry is able to fulfill true rolling conditions at only three points of a
full lock-to-lock steering. One of the three condition is when the vehicle is going
straight, and the other two are when the vehicel turns at a correct angle to the right
and left. Other than these mentioned three points, some difference occurs which is

called as Ackerrman error. Figure 2.28 presents that three condition where pure

Trapezoidal
\ y Geometry

rolling occurs.

Right Turn

% % Left Turn

Figure 2.28 : Three conditions where pure rolling occurs [15].
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Ackermann error is the difference between the steer angle and ideal steer angle for

Ackermann geometry.
Ackermann Error (Left) = Left Steer Angle — Left Ideal Steer Angle 2.1)
Ackermann Error (Right) = Right Steer Angle — Right Ideal Steer Angle 2.2)

Another way of defining the compatibility of a steering geometry with Ackermann
geometry is percent Ackermann @ a specific wheel angle. Percent Ackermann is the

ratio of actual Ackermann to ideal Ackermann expressed as percentage.

Actual Ackermann = Right Steer Angle — Left Steer Angle 2.3)
Ideal Ackermann = Right Ideal Steer Angle — Left Ideal Steer Angle 2.4)
Percent Ackermann = (Actual Ackermann / Ideal Ackermann)x100 (2.5)

2.2.7 Maximum wheel angle

The maximum wheel angle of a vehicle @ full steering wheel lock position is mainly
dependent on the kinematics of the linkages and package constraints. Maximum
wheel angle @ full steering wheel lock position directly affects the minimum turning
radius characteristics and maneuvrability performance of the vehicle which are
important parameters for drivers. Therefore, maximum wheel angle should be an
important design parameter during new steering system designs and hardpoint

optimizations.
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3. METHODOLOGY & RESULTS

ADAMS, Automatic Dynamic Analysis of Mechanical Systems, is originated by a
group of researchers at the University of Michigan. As its’ abbreviation indicates,
ADAMS is a dynamic system simulation software used for mainly building and
testing virtual prototypes of mechanical systems. ADAMS has been a part of
MSC.Software Corporation since 2002, thus known as MSC.ADAMS. The core
products of MSC.ADAMS are a general purpose modeling environment,
ADAMS/View, a state-of the art numerical solution environment, ADAMS/Solver

and a graphical interface for visualizing simulation results, ADAMS/PostProcessor.

ADAMS/Car is one of the industry-specific products of MSC.Software and it was
developed in collaboration with a consortium of automakers including Audi, BMW,
Renault and Volvo. ADAMS/Car has been used in almost every-type of vehicle
design, from passenger cars to heavy commercial vehicles. Template-based modeling
and simulation tools of ADAMS/Car speed-up and simplify the modeling &
simulation process of the vehicles. In addition to these, ADAMS/Car bridges the
departments by sharing models, data and results. Figure 3.1 presents the

communications between departments that is supported by ADAMS/Car.

Test lab Engine Advanced

. engineering

Y Suppliers

e ] |EE

Driveline Chassis Body
engineering engineering

Figure 3.1 : Communications between departments that ADAMS/Car supports [17].

The basic process of the virtual prototyping starts with the building of the CAE

model. After this step, some test simulations of the model is performed and the
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results are validated with the actual test results. The correlation of the CAE model

should be completed and verified before starting the optimization studies and

iterations. Figure 3.2 summarizes the virtual prototyping process as a flowchart.
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Figure 3.2 : Virtual prototyping process as a flowchart [18].
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4 main sections which cover all steps of virtual prototyping process are followed in

this study.
1. Building the Full-Vehicle ADAMS/Car of a 4x2 Tractor [Build]

2. Validation of the ADAMS/Car Model Before Optimization Studies [7est,
Validate & Refine)

3. Hardpoint Optimization & Results [[terate, Optimize & Automate]

4. Vehicle Level Improvements of the Hardpoint Optimization (Objectively &
Subjectively)

3.1 Building Full-Vehicle ADAMS/Car Model of a 4x2 Tractor

The full-vehicle ADAMS/Car model building process is divided into two parts; using
the built-in templates & preparing new templates. It is easy to use the built-in
templates since the user only needs to enter the required data into the template and
ADAMS/Car automatically constructs subsystem models and full-vehicle
assemblies. In order to understand, whether it is possible to use the built-in templates

or not, the real vehicle subsystems and built-in templates are compared.
Table 3.1 presents an overview of vehicle specifications.

Table 3.1 : Vehicle specifications of the selected 4x2 tractor.

Vehicle Specifications of 4x2 Tractor
Dimensions Steering System
Length 5975 mm Type Power Assisted Recirculating type
Width (with mirrors) 2886 mm Steering Wheel Diameter 470 mm
Wheelbase 3808 mm Tires
Trackwidth (Front / Rear) 2065 mm / 1840 mm Make LASSA
Front Suspension Model (Front / Rear) Energia 3000 / 5500
Type Solid Axle with leaf springs Size 295/80 R 22.5
@ Antiroll bar 36 mm Pressures 120 psi
Rear Suspension Axle Loads (Curb)
Type Drive Axle with 4 air springs Front Axle (Left / Right) 2495 kg / 2427 kg
@ Antiroll bar 65 mm Rear Axle (Left / Right) 1344 kg / 1272 kg

The real vehicle can be categorized into 6 main subsystems; front suspension,
steering system, rear suspension, chassis frame, tires and wheels, cabin suspension
and cabin. The subsystems which are related with the hardpoint optimization study

(front suspension and steering system) will be explained in details together with real-
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vehicle & ADAMS/Car model comparison. Overview information will be provided

for the other subsystems.

3.1.1 Front suspension

The vehicle has a solid axle type front suspension which has the following major
parts; axle, leafsprings, antiroll bar, antiroll bar links and knuckles. Figure 3.3
presents the front suspension of the real vehicle which has been drawn in CAD

environment.

Figure 3.3 : Isometric view of the front suspension.

The suspension angles of the front suspension at curb loading condition are presented

in Table 3.2.

The modeling process of front suspension will be presented using the graphical
topology feature of ADAMS/Car, where all connectors and joints on a part can be

observed.

The modeling process of front suspension will be presented using the graphical
topology feature of ADAMS/Car, where all connectors and joints on a part can be

observed.
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Table 3.2 : Suspension angles of front suspension.

Left Right
Toe 0.00°+0.05° | 0.00°%0.05°
Camber 0.50° £0.50° | 0.50° +0.50°
Caster 3.75°+0.75° | 3.75°+0.75°
KPI 6.45°+0.50° | 6.45°+0.50°

3.1.1.1 Axle

Axle is the main part of the front suspension where all parts are connected to it and it
is modeled as a rigid element. Knuckles, antiroll bar, shock absorbers and leafsprings
are connected to the axle. Figure 3.4 presents the parts and joints that are connected

to the front axle.

LF Damper

RF Damper
Fixed
. Joi
Fixed
Joint
LF Leafspring 5':?1? AXLE | ) LF Knuckle
Fixed
Joint  Byshi
E v
RF Leafspring
ARB - LS

Figure 3.4 : Graphical topology of front axle.
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3.1.1.2 Leafspring

Leafsprings of the front suspension are modeled as beam-elements. In order to have
an accurate leafspring model, which is one of the most important parts in the front
suspension; series of data are needed such as, geometry of leafspring at free position
and bushing rates of the leafspring. The above mentioned data are supplied to
Leafspring Pre-Processor, which is a tool used for leafspring modeling in ADAMS,

and the leafspring model is generated.

3D geometric scanning should be performed on the leafspring in order to achieve the
geometry of leafspring. Figure 3.5 shows the geometry of the leafspring which is

post-processed after 3D scanning.

Figure 3.5 : Geometry of leafspring after 3D scanning.

Leafsprings are connected to chassis with three identical bushings, one in the front
called front eye, the second one in the rear which is between links called shackles
and leafspring, and the third one is between the shackles and chassis. Physical
measurements of the leafspring bushings are performed and the stiffness data is
updated accordingly in the model. The bushings have local coordinates and the
names are given according to that local coordinate system which is presented in

Figure 3.6.

Figure 3.7, Figure 3.8, Figure 3.9 and Figure 3.10 present the radial x-y, axial,

conical x,y and torsional stiffness curves of the leafspring bushings, respectively.
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Figure 3.6 : Bushing local coordinate system.
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Figure 3.7 : Radial - X &Y stiffness plots of leafspring bushings.
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Figure 3.8 : Axial stiffness plot of leafspring bushings.
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Figure 3.9 : Conical — X&Y stiffness plot of leafspring bushings.
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Figure 3.10 : Torsional stiffness plot of leafspring bushings.

The 3D geometric scanning results and bushing measurements are used as inputs for
Leafspring Pre-Processor tool of ADAMS and the leafspring model is formed with

that tool. Figure 3.11 presents a screenshot from Leafspring Pre-processor.

The leafspring model which is formed using the Leafspring Pre-Processor tool is

presented in Figure 3.12.

The leafspring model is verified with actual force-deflection measurements before
implementing it in the model. Figure 3.13 shows the force — deflection measurements

of the leafsprings which are used for leafsrpings model verification.
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Figure 3.12 : Leafspring model generated using Leafspring Pre-Processor.

Figure 3.13 : Force-deflection measurements of leafspring.
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Figure 3.14 : Force-deflection correlation of the leafspring.

Figure 3.14 shows that the stiffness and hysteresis of the leafspring model simulates

the real-life performance.

3.1.1.3 Antiroll bar

Antiroll Bar is modeled with beam-element feature of ADAMS. The “BEAM”
statement defines massless elastic beam with a uniform cross-section. The beam
transmits forces and torques between two markers in accordance with either linear
Timeshenko beam theory or the non-linear Euler-Bernoulli theory. Figure 3.15
shows the two markers (I and J) that define the extremities of the beam and indicates

the twelve forces (s1 to s12) it produces.
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Figure 3.15 : Forces between the markers of a beam.
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The beam statement applies the following forces to the “I marker” in response

2

relative motion of “I marker” with respect to “J marker”.
e Axial forces (sl to s7)
¢ Bending moments (s5, s6, s11 and s12)
e Twisting moments (s4 and s10)
e Shear forces (s2, s3, s8 and s9)

30 beam elements are used to model the front anti-roll bar. The number should be
selected as small as possible to decrease the simulation timing and as much as
possible to give accurate results. Therefore, the number of beam elements are
decreased in the straight sections of antiroll bar and increased in the bending

locations. Figure 3.16 shows the antiroll bar model with its links and bushings.

Figure 3.16 : Front axle antiroll bar model.

Antiroll bar is connected to the chassis with links at the ends and axle from two
points with bushings. Physical measurements of the antiroll bar bushings are
performed and the stiffness data is updated accordingly. Antiroll bar bushing is free
to rotate and slide in antiroll bar axis, therefore axial and torsional stiffness’s are
assumed to be zero. Figure 3.17 and Figure 3.18 presents the radial and conical

stiffness plots of the antiroll bar bushing, respectively.
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Figure 3.17 : Radial — X & Radial — Y stiffness plots of antiroll bar bushing.
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3.1.2.1 Steering wheel

the needed driver efforts.

an isometric view of the steering system of the vehicle.
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Figure 3.18 : Conical — X&Y stiffness plot of antiroll bar bushing.
3.1.2 Steering system

The steering system of the vehicle consists of a steering wheel, a steering column
with translational joint, a recirculating ball type steering box, a pitman arm, a drag

link, an upper steering arm, two lower steering arms and a tierod. Figure 3.19 shows

The steering wheel of the vehicle has a diameter of 470 mm, which directly affects




Figure 3.19 : Isometric view of the steering system.

3.1.2.2 Steering column

The steering column of the vehicle consists of two universal joints and an
intermediate shaft with a translational joint. The translational joint is used in order to

compensate the cabin movements relative to chassis.

The correct orientation of the U-joints within the steering column influences the
subsystem performances of the vehicle. For each of these U-joints, the output
velocity normally is not equal to the input velocity. According to the actual angle of
rotation measured at the input shaft, the output velocity may be larger or smaller than
the input velocity. By packaging the two U-joints in line in a suitable manner, the
non-uniformity of the steering column subsystem can be optimized, thus the vehicle

level performances. It is essential for proper modeling to understand the steering
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column mechanism. Figure 3.20 presents the angles and the mechanism with proper

definition.

74.03 deg

Index Angle

(0,1,0) x AB

89.14 deg

Phase Angle

Figure 3.20 : Steering column mechanism & angles for steering column model.

3.1.2.3 Steering box

The steering box of the vehicle has a variable ratio which results in high torque levels
on center and decreases the parking efforts towards to steering wheel lock. Figure

3.21 presents the steering ratio change with respect to steering wheel angle.
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Figure 3.21 : Variable steering ratio.
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3.1.2.4 Pitman arm, drag link, upper -lower steering arms and tierod

Pitman arm, drag link, upper steering arm, lower steering arms and tierod are the
linkages that mainly define the kinematic characteristics of the steering system such

as bumpsteer, rollsteer, etc.

The following hardpoints affect the kinematic characteristics;
¢ Pitman Arm — to — Drag Link (Ball Joint)
® Drag Link — to — Upper Steering Arm (Ball Joint)
e Lower Steering Arms — to — Tierod (Ball Joint)

Figure 3.22 presents the linkages and their joints within the steering system.
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Joint

Spherical
Joint

Upper
Steering

Fixed Joint Arm
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Knuckle Fixed Joint
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Fixed Joint RF Lower

Steering

Steering
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Arm

Spherical Tierod

Joint

Spherical
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Figure 3.22 : Graphical topology of the steering system.
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3.1.3 Rear suspension

The vehicle has a solid axle type rear suspension which has the following major
parts; differential, 4 airsprings, antiroll bar, antiroll bar links, V-rod, I-rods and hubs.
Figure 3.23 presents the rear suspension of the real vehicle which has been drawn in

CAD environment.

Figure 3.23 : Isometric view of the rear suspension.

The suspension angles of the rear suspension at curb loading condition are presented

in Table 3.3.

Table 3.3 : Suspension angles of rear suspension.

Left Right
Toe 0.00°+ 0.05° | 0.00°+ 0.05°
Camber -0.50°+ 0.50° | -0.50° + 0.50°

¢ Differential, shafts and hubs are modeled as lumped mass.
e Force-deflection measurements (adiabatic) of the airsprings on different
initial internal pressures are entered into the model. Figure 3.24 presents the

force-deflection plots that are used for model building.
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Force-Deflection Measurements of Airspring (Adiabatic)
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Figure 3.24 : Force-deflection measurements of airsprings (adiabatic).

e Rear antiroll bar is modeled as beam-elements just like the front antiroll bar.

Antiroll bar links are modeled as rigid elements.

e V-rod isconnected to differential at one end and chassi frame at the other ends
by bushings. V-rod, itself, is modeled as rigid element, however all bushing

stiffness are physically measured and entered into the model.

e There are two I-rods at both sides of the rear axle. They are connected to the
axle at one end and chassis frame at the other end by bushings. The bushings

are physically measured and entered into the model.

3.1.4 Chassis frame

Chassis Frame is the main part of the vehicle where all subsystems and parts are
connected. It is modeled as a rigid component; however it can be modeled as a
flexible body if a further model improvement is needed. Figure 3.25 presents the

parts and joints that are connected to the chassis frame.

3.1.5 Tires and wheels

The force and moment characteristics of the front and rear tires should be measured
on Flattrac test systems in order to estimate the magic tire formula coefficients and
enter them into the ADAMS model. The Flattrac measurements are performed in 5
different camber angles (-2°, -1 °, 0 °, +1 °, +2 °), and 5 different vertical loading
conditions (%25, %50, %100, %150 and %200 of the nominal load).
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Figure 3.25 : Graphical topology of the chassis frame.

A curve-fitting tool is used in order to estimate the magic tire formula coefficients
and a sample correlation with the estimated coefficients for Fy vs. slip angle is

presented in Figure 3.26.

The wheels are modeled as a lumped mass with the proper moment of inertia values

at the tip of the axle.

3.1.6 Cabin suspension and cabin

The cabin suspension of the vehicle consists of 4 struts (spring-damper), 2 horizontal
dampers, 2 levering arms, 2 towers and a bridging part at the rear. All parts are
connected to each other via bushings and physical measurement results of those

bushings are entered into the model.

The center of gravity height and moment of inertia values of the cabin are measured
on a VIMF (Vehicle Inertia Measurement Facility) with appropriate brackets and
modeled as lumped mass in the ADAMS model.
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Pajecka Tire Model Correlation
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Figure 3.26 : Pajecka tire model correlation.

3.2 ADAMS/Car Model Validation Before Hardpoint Optimizations

In order to use the full-vehicle ADAMS/Car model of the 4x2 tractor during the
optimization studies, the model should fully represent the real-life performance.
There are several model correlation methodologies which results in good correlation
levels and enables the usage of the model during CAE simulations and optimizations.
However, all of these correlation methodologies require some subsystem, system and

vehicle level objective measurements.
Model correlation is divided into main three parts; static, kinematic & dynamic.

The model will be used in hardpoint and suspension characteristics optimization
studies, so dynamic characteristics are not essential to be fully correlated. According

to this fact, only static and kinematics of the model will be correlated.

3.2.1 Static Correlation

The static correlation means the axle loads, CoG height, sprung-unsprung mass,
moment of inertias etc. of the vehicle. The model values and real-life vehicle

measurements are presented in Table 3.4.
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Table 3.4 : Static correlation of ADAMS model.

REAL VEHICLE ADAMS MODEL
LF (kg) 2495 2458
0
9: RF (kg) 2430 2433
o
- LR (kg) 1350 1366
Ll
; RR (kg) 1290 1303
<
TOTAL (kg) 7565 7560
Front Axle Unsprung Mass (kg) 742 728
Rear Axle Unsprung Mass (kg) 1148 1130
CoG Height (mm) 936 932.7
[from ground]

Vehicle Inertia Measurements are not so easy to be performed for HCV in real-life
and therefore difficult to correlate. Moment of inertia values of the CAE models are

only important if the model will be used in dynamic correlation.

3.2.2 Kinematics & Compliance correlation

The kinematic correlation of the model will be performed using the Kinematics &
Compliance (K&C) measurements of the real vehicle. K&C measurement is a special
type of vehicle suspension testing. The “K” letter stands for “Kinematics” and means
suspension geometry, the “C” letter is used for “Compliance” and means suspension
elasticity. Figure 3.27 shows that total suspension system is the combination of

kinematics and compliances of the suspension.

. COMPLIANCE TOTAL SYSTEM
CONTROLLED CONTROLLED MOVEMENT
ORIENTATION OF ROAD OF ROAD WHEELS BY

WHEELS BY SUSPENSION SPRINGS, BUSHINGS, &
LINKS. PART DEFLECTIONS.

Figure 3.27 : Kinematics and compliance explanation [19].
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The Kinematic & Compliance measurement of the mentioned vehicle is performed

axle by axle, which means that the front axle and rear axle measurements are

performed separately.

Figure 3.28 : Front and rear axle K&C measurements.
The Kinematics & Compliance measurement contains several different tests which
are explained in detail in the following sections. Each section will consist of test

description, metric description and model correlation level.

3.2.2.1 Vertical motion test (Front Axle)

The front axle of the vehicle is subjected to pure bounce motion. This is performed
by moving the left and right platforms in phase while steering wheel is fixed and
brakes are on. During this vertical motion test, lateral-longitudinal forces and
aligning moments are maintained at zero at each tire contact patch to allow the
suspension move freely without binding. The test is performed almost quasi-
statically in order to cancel the effects of damping and inertial forces of the
suspension. The front axle characteristics that are measured and correlated in vertical

motion test (front axle) are as follows;

Wheel rate [F, vS. Zyheell

Vertical wheel load vs. wheel travel plots of ADAMS model should align very
closely with K&C measurements. Since all aspects of handling and ride are affected
by vertical wheel rate of the vehicle, a great deal of attention should be given for the
correlation of this metric. The vertical wheel rate plots (left & right) are a check of

corner weights, primary spring rates, bushing rates, engagement points and shapes of
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jounce and rebound bumpers. Figure 3.29 presents the vertical wheel rate correlation

of the model.
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Figure 3.29 : Vertical wheel rate.
The wheel rate correlation is deemed acceptable if the difference in vertical load
between the model and test data is 500 N during 75 mm jounce and 50 mm rebound

suspension travel.

Bumpsteer [ Zyhee VS. Steer Angle]

Bumpsteer is the phenomena where the wheel of the vehicle steers when the
suspension goes upwards or downwards. Excessive bumpsteer on a vehicle results in
a bad straight ahead controllability performance. The vehicles which use
recirculating ball — pitman arm type steering systems have more tendency to observe
the effects of bumpsteer phenomena. Figure 3.30 shows the bumpsteer characteristics
which should be one of the most important optimization responses in order to

improve the straight ahead controllability performance of the vehicle.

The bumpsteer correlation is deemed acceptable if the difference in steer angle
between the model and test data is 0.1 deg during 50 mm jounce and 50 mm rebound

suspension travel.

The bumpsteer correlation of the model is performed using the tolerance ranges of

the following hardpoints ;
» Pitman Arm — Drag Link hardpoint
» Drag Link — Upper Steering Arm hardpoint

» Tierod — Lower Steering Arm hardpoints
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Figure 3.30 : Bumpsteer characteristics.

Bumpcaster [Zynhee VS. Caster Angle ]
Bumpcaster is the caster angle change during jounce and rebound travel of the
vehicle suspension. The bump caster performance of the vehicle has a strong

influence on the anti-dive characteristics of the vehicle.
Figure 3.31 presents the correlation of bumcaster characteristics.

The correlation of this metric in ADAMS model is performed using the leafspring

model, leafspring-to-axle bushing and hub compliance bushing.

The bumpcaster correlation is deemed acceptable if the difference in caster angle
between the model and test data is 0.3 deg during 50 mm jounce and 50 mm rebound
suspension travel.

Vertical wheel tavel vs. longitudinal displacement of wheel center
[ Zwheel VS. theel]

The longitudinal displacement of wheel center during vertical wheel travel has a
strong influence on bumpsteer performance of the vehicle. In addition to this, the
impact harshness performance of the front axle is directly affected by the amount of

longitudinal displacement of wheel center during vertical wheel travel.
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Figure 3.31 : Bumpcaster characteristics.
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Figure 3.32 : Longitudinal wheel center displacement vs. vertical wheel travel.
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Figure 3.32 presents the correlation oflongitudinal wheel center displacement vs.

vertical wheel travel characteristics.

The correlation of this metric in ADAMS model is performed using the leafspring

model, leafspring to axle bushing and hub compliance bushing.

There is not any correlation standard for longitudinal wheel center displacement
during vertical wheel travel, since it is characteristic is strongly dependent on the

correlation level of other parameters such as bumpsteer and bumpcaster.

3.2.2.2 Roll motion test (Front Axle)

The front axle of the vehicle is subjected to pure roll motion. This is performed by
moving the left and right platforms out of phase while steering wheel is fixed and
brakes are on. During this roll motion test, lateral-longitudinal forces and aligning
moments are maintained at zero at each tire contact patch to allow the suspension roll
freely without binding. The roll motion test could be performed about a fixed axis in
the ground plane or about the natural roll axis of the suspension. The advantage of
the roll motion test about the natural roll axis is that compensation is provided to
allow pitch and heave in order to keep front and rear axle loads constant. The data
which are presented in the following figures are collected while the roll motion test is
performed about a natural roll axis. The test is performed almost quasi-statically in
order to cancel the effects of damping and inertial forces of the suspension. The front
axle characteristics that are measured and correlated in roll motion test (front axle)

are as follows;

Roll stiffness [ F, vS. Zyheel ]

Vertical wheel load vs. vertical wheel travel (out-of-phase) plots of ADAMS model
should be well correlated with the actual K&C measurements since roll stiffness of
the suspension is the main parameter that affects the vehicle handling performance.
In order to make the roll stiffness correlation of the ADAMS model, K&C
measurements are performed with and without front anti-roll bar. As a first step,
without anti-roll bar correlation should be checked. If there is a mismatch between
the model and test results, chassis & attachment flexibilities should be checked since
the vertical motion characteristics are correlated well before this step. When the roll
stiffness correlation without anti-roll bar is satisfactory, roll stiffness with anti-roll

bar correlation can be performed.
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Figure 3.33 presents the correlation of roll stiffness characteristics

The major parameters that affect the correlation performance of the roll stiffness with
anti-roll bar are the anti-roll bar model and anti-roll bar bushing stiffness. It is always
the best case to put the measured bushing stiffness data in the ADAMS model since

the stiffness tolerance ranges of bushings are around 20%.

i Moclel
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<Rebound Wheel Travel (mm) Jounce—>

Figure 3.33 : Roll stiffness characteristics.

The roll stiffness correlation is deemed acceptable if the difference in vertical load
between the model and test data is 500 N during 75 mm jounce and 50 mm rebound

suspension travel.

Rollsteer [ Roll Angle vs. Steer Angle ]

Rollsteer is the change in steer angle while suspension of the vehicle makes a roll
motion. Rollsteer is a good tuning parameter to adjust the vehicles handling stability

since the vehicle developers can give easily roll-understeer or roll-oversteer.
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The correlation of this metric in ADAMS model is performed using the leafspring
model and steering hardpoints. The correlation performance of rollsteer is presented

in Figure 3.34.

The information boxes placed on the corners of the plot indicate that if the curve
goes in that direction it will result in roll-understeer or roll-oversteer. In Figure 3.34
it can be clearly observed that the front axle of the vehicle has a significant roll-
understeer characteristic which will increase the understeer tendency of an understeer

vehicle.

US
. Maodel FRONT
------ Test Data-1 AXLE

<-Right Turn RF Roll (deg) Left Turn Roll->

T UsS 0OS
FRONT FRONT
— AXLE T T AXLE
1.0 -0.5 0.0 0.5

<-Left Steer Angle (deg) Right-=

Figure 3.34 : Rollsteer characteristics.

The rollsteer correlation is deemed acceptable if the difference in steer angle between
the model and test data is 0.1 deg during + 5° roll angle of the suspension.
3.2.2.3 Longitudinal compliance test (Front Axle)

The longitudinal compliance test consists of two different sections; braking and

acceleration.

During braking compliance tests, longitudinal forces are applied in the direction of
braking forces and corresponding loads, displacements and angles are measured.

There will be vertical suspension motion during this test due to anti-properties, so
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measured deflections will be due to kinematics as well as compliances. The
magnitude, symmetry and hysteresis of deflections should be checked in order to

confirm both kinematic and compliance performance of the suspension.

Longitudinal forces are applied in the direction of traction forces during acceleration
compliance tests and corresponding loads, displacements and angles are measured.
The longitudinal compliance test during acceleration is only valid for driven axles, so
it is not applicable for this vehicle’s front axle since it is a RWD vehicle. In addition
to these, a transmission or drive train lock (differential lock) need to be used to

transmit contact patch forces to the wheel centers.

The front axle characteristics that are measured and correlated in longitudinal

compliance test — Braking (front axle) are as follows;

Longitudinal force vs. steer angle [ Fx vs. Steer Angle]
Vehicle pull issues during braking are strongly dependent on the longitudinal force

vs. steer angle & bumpsteer characteristics of the front axle.

Figure 3.35 presents the correlation of longitudinal force vs. steer angle

characteristics.

The correlation of this metric in ADAMS model is mainly dependent on leafspring
and hub compliance bushings. Leafspring models should not be modified during the
correlation of this metric, but if there is a poor correlation it could mean that there
might be incorrect definition of contact points, friction, axle offset from the spring or

inactive length.

The longitudinal force vs. steer angle correlation is deemed acceptable if the
difference in steer angle between the model and test data is 0.15 deg during 0.25 g
braking (approximately 7000 N).

Longitudinal force vs. longitudinal displacement of wheel center
[ Fx VS. theel]

The longitudinal force vs. longitudinal displacement of wheel center characteristic of
the vehicle is called the fore-aft wheel center stiffness. This characteristic of the
vehicle affects the braking stability and impact&harshness performance of the

vehicle.

Low fore-aft wheel center stiffness will result in front axle shake during braking. On

the other hand, high fore-aft wheel center stiffness results in a bad impact-harshness

62



performance. The fore-aft wheel center stiffness of the front axle should be in an
optimum range that it will cause any braking stability issues and give the best

possible impact-harshness performance.

Figure 3.36 presents the correlation of longitudinal force vs. longitudinal wheel

center displacement characteristics.

The correlation of this metric in ADAMS model is mainly dependent on leafspring
bushing radial stiffness, leafspring approach angle, leafspring front-eye to axle
distance and leafspring wind-up stiffness which are all parameters regarding the

leafspring model.

There is not any correlation standard for longitudinal wheel center displacement
during longitudinal force, but it is strongly dependent with the correlation level of

other characteristics.
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Figure 3.35 : Longitudinal force vs. steer angle characteristics.
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Figure 3.36 : Longitudinal force vs. longitudinal wheel center displacement
characteristics.

3.2.2.4 Lateral compliance test (Front Axle)
The lateral compliance test consists of two different sections; parallel and opposed.

In parallel lateral compliance test, lateral forces are applied through left and right
contact patches in the same direction. Corresponding loads, displacements and angles

are measured at both wheels.

During opposed lateral compliance test, lateral forces which are applied at left and

right contact patches are in the opposing directions.

The reason why parallel and opposing lateral compliance tests are both required is
that, parallel lateral compliance test captures the effects of left/right suspension
connection components such as antiroll bar and link bushings, however; opposed
lateral compliance test eliminates the effects of suspension connection points and

concentrates only on the individual corners.
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Parallel lateral force vs. steer angle [ Fy vs. Steer Angle]
The parallel lateral force vs. steer angle metric of the front axle is called lateral force
compliance steer and it is one of the parameters that affects the overall understeer

gradient characteristics of the vehicle.

Figure 3.37 presents the correlation of parallel lateral force vs. steer angle

characteristics.

The correlation of this metric in ADAMS model is mainly dependent on leafspring,

antiroll bar and hub compliance bushings.

The parallel lateral force vs. steer angle correlation is deemed acceptable if the
difference in steer angle between the model and test data is 0.1 deg during + 10000 N
lateral force.

Parallel lateral force vs. lateral displacement of wheel center
[ Fy VS. ywheel]

Parallel lateral force vs. lateral displacement of wheel center metric represents the
suspension lateral stiffness of the front axle. Low level of lateral stiffness results in
excessive compliance steer which decreases the handling stability of the vehicle. In
addition to that, low lateral stiffness of the suspension might result in some error
states on the vehicle such as high level of lateral shake in front axle during impacts

and rough roads, steering shimmy issues, etc.

Figure 3.38 presents the correlation of parallel lateral force vs. lateral wheel center

displacement characteristics.

The correlation of this metric in ADAMS model is mainly dependent on leafspring,
antiroll bar and hub compliance bushings, therefore the correlation study of this
metric should be performed inline with the parallel lateral force vs. steer angle metric

correlation.

There is not any correlation standard for lateral wheel center displacement during
parallel lateral force, but it is strongly dependent with the correlation level of other

characteristics.
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Figure 3.37 : Parallel lateral force vs. steer angle characteristics.
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Figure 3.38 : Parallel lateral force vs. lateral wheel center displacement
characteristics.
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3.2.2.5 Aligning torque test (Front Axle)
The aligning torque test consists of two different sections; parallel and opposed.

In parallel aligning torque test, aligning torques (M) are applied through left and
right contact patches in the same direction (both clockwise or counter-clockwise).

Corresponding loads, displacements and angles are measured at both wheels.

During opposed aligning torque test, aligning torques which are applied at left and

right contact patches are in the opposing directions.

The reason why parallel and opposing aligning torque tests are both required is that,
parallel aligning torque test captures the effects of left/right suspension connection
components such as antiroll bar and link bushings, however; opposed aligning torque
test eliminates the effects of suspension connection points and concentrates only on

the individual corners.

During cornering, lateral forces on the tires apply from a point that it is not directly
on the wheel center projection. Therefore, the lateral forces transformed to the wheel
center with a force-moment coupling. This phenomenon explains the importance of
aligning torque test and its model correlation. In order to represent the real vehicle
with the ADAMS model, lateral compliance and aligning torque tests metrics should

be well correlated together. Figure 3.39 presents the tire forces during cornering.

Travel T , Steering
Direction / Direction

Slip A

/
!

Figure 3.39 : Tire forces during cornering.

Parallel aligning torque vs. steer angle [ M, vs. Steer Angle]
Parallel aligning torque vs. steer angle characteristics of the front axle is one of the
parameters that affects the overall understeer gradient of the vehicle just like the

lateral force compliance steer metric.
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Figure 3.40 presents the correlation of parallel aligning torque vs. steer angle

characteristics

The correlation of this metric in ADAMS model is mainly dependent on hub

compliance bushings.

The parallel lateral force vs. steer angle correlation is deemed acceptable if the
difference in steer angle between the model and test data is 0.1 deg during + 250 N.m

lateral force.

Mocdlel
4| ====-- Test Data-1

Aligning Torque (KNm)

0.5 0.0 0.5 1.0 1.5
<- Left LF Steer Angle (deg) Right->

Figure 3.40 : Parallel aligning torque vs. steer angle characteristics.

Parallel aligning torque vs. camber angle [ M, vs. Camber Angle]

Parallel aligning torque vs. camber angle characteristics of the front axle is the other
parameter that needs to be correlated in order to represent the real-life vehicle. Either
camber angle change or lateral wheel center displacement change of the ADAMS

model should be correlated.

Figure 3.41 presents the correlation of parallel aligning torque vs. canber angle

characteristics.
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The correlation of this metric in ADAMS model is mainly dependent on hub

compliance bushings.

There is not any correlation standard for camber angle change during parallel
aligning torque, but it is strongly dependent with the correlation level of other

characteristics.

Model

1 --—---- Test Data-1

Alignina Torque (KNm)

.05 0.0 0.05 0.1 0.15
LF Camber Angle (degq)
Figure 3.41 : Parallel aligning torque vs. camber angle characteristics.

After completing the correlation of all kinematics and compliance metrics of the
front suspension, the hardpoint optimization study can be performed with a high

accuracy level.

3.3 Hardpoint Optimization & Results

The steering and suspension system hardpoint optimizations are performed to
improve and optimize the bumpsteer and rollsteer characteristics of the selected
vehicle. Ackermann error and maximum wheel angle @ full steering wheel lock are
also included in the optimization study since the hardpoints that are going to be

optimized directly affect these characteristics. The optimization range of all
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hardpoints should be well-defined in order to fulfill other attribute and system

performances such as durability, package and some steering system requirements.

Figure 3.42 presents the initial hardpoints that are selected as candidates for
bumpsteer and rollsteer optimization and Table 3.5 presents the coordinates with

hardpoint definitions.

The first design constraint for the optimization study is increasing the inner wheel
angle from 39° to 45° at full steering wheel lock position in order to minimize the

minimum turning radius performance of the vehicle.

Figure 3.42 : Candidate hardpoints for optimization.

Table 3.5 : Hardpoint definition table.

Coordinate Hardpoint Definition
1-xy,z Steering Gear-to-Chassis Frame Hardpoint
2-xy,z Leafspring Front Eye Hardpoint
3-x,y,z Pitman Arm-to-Drag Link Hardpoint
4-xy,z Drag Link-to-Upper Steering Arm Hardpoint
5-x,y,z Lower Steering Arm-to-Tierod Hardpoint
6 - x,y,z Leafspring Rear Eye Hardpoint

DC-1 : Increase the inner wheel angle from 39° to 45° at full steering wheel lock

position.
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Minimizing bumpsteer and rollsteer at the same time is the second design constraint

for the optimization study.

DC-2 : Minimize bumpsteer and rollsteer at the same time.

Before starting the optimization study, the bumpsteer kinematics should be well-
understood. If the chassis frame is assumed to be ground, front suspension and
steering system become a four bar linkage system in x-z plane with a variable length
link. The assumption which is made in this four bar linkage system theory is that the
chassis frame angle with respect to ground keeps constant during vertical motion of

the front suspension.
Links of the four bar linkage system are as follows;
1. Chassis Frame

2. Drag Link (which is connected to pitman arm (chassis frame in this

assumption) and upper steering arm with spherical joints

3. Part of the leafspring between the front eye and axle connection (distance
between these two hardpoints is not constant during the vertical motion of the
front suspension, thus this is the varying length link in the four bar linkage

system)

4. An imaginary link occurs between the drag link-to-upper steering arm and

leafspring-to-axle hardpoints.

Figure 3.43 presents the four bar linkage system on a left hand side view of the

chassis frame, leafspring and steering linkages.

If parallel four mechanism can be constructed with the linkages, the angle change of
link 4 with respect to chassis frame will be zero during vertical wheel travel of the
suspension, thus the caster angle (bumpcaster) and steer angle change (bumpsteer) of
left hand side will be zero. In order to achieve parallel four bar mechanism, link 2
and link 3 should be parallel to each other and the lengths of link 2 and link 3 should

be equal at design position.

There are two difficult issues in constructing the parallel four bar mechanism. The
first issue is controlling the length of link 3 which is a variable length link. In order
to reduce the variation in the length of link 3, the following 3 items should be

considered;
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» Shape of the leafspring at design condition,
» Length of the leafspring at design condition,

» Number of leaves in the leafspring.

Figure 3.43 : Four bar linkage system assumption.

The second issue is the length of link 4 in the four bar mechanism. The length of link
4 is highly dependent on package requirements and it is relatively shorter than the
other links. Since it is not possible to increase the length of link 4, the distance

between hardpoint “a” and hardpoint “d” should be well-optimized.

In the light of above mentioned information, the hardpoint optimization study leads

to a rough design on the leafspring parameters;

» Leafspring front eye hardpoint should be as close as possible to pitman arm-
to-drag link hardpoint, in order to be able to construct the parallel four bar

mechanism by link 4 and ground link formed between hardpoints “a” & “d,
» Leafspring should have linear profile in design condition,

» Leafspring-to-axle hardpoint to leafspring front eye (link 3) length should be

as long as possible,

» Number of leaves should be as small as possible.
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The above mentioned design parameters which are related to leafspring are also
applicable for rollsteer optimization (minimization). There are additional two design

parameters which should be considered for rollsteer optimization.

As it is explained in the steering kinematics theory part, rollsteer is the steer angle
change during roll motion of the vehicle where left hand side works to compression
while right hand side works to rebound or vice versa. In order to minimize rollsteer
phenomena, the displacement of leafspring-to-axle hardpoint in x-direction should be
equal on the left and right hand side during roll motion. The longitudinal
displacement of the leafspring-to-axle hardpoint is dependent on the approach angle
of the leafspring. Therefore, the approach angle of the leafspring is one of the two
design parameters for the leafspring which minimizes rollsteer performance of the

vehicle.

The second design parameter is to reduce the twisting of leafspring during roll
motion. In order to minimize this twist motion, the leafspring-to-axle hardpoint

(hardpoint “b”) should be as close as possible to the middle of the leafspring.

The additional leafspring parameters which are needed to minimize the rollsteer

phenomena are as follows;
» Approach angle of the leafspring should be zero at design condition,

» Leafspring-to-axle hardpoint should be as close as possible to the middle of

leafspring.

The candidate hardpoints are investigated in terms of package and system
requirements and the following information have been found and required updates

are made;

» Steering gear orientation has been changed to make the pitman arm axis
parallel to z-axis in order to achieve more efficient torque output and
symmetric responses in left and right turn of steering system. Figure 3.44
presents the steering gear orientation change. With this change 1-X, 1-Y, 1-Z,
3-X & 3-Y hardpoints are frozen and removed from the optimization

hardpoint list.

» The leafspring has been changed from 4-leaf design to 2-leaf design

considering the design parameters affecting bumpsteer and rollsteer.
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Figure 3.45 presents the leafspring design change. 2-X, 2-Y, 2-Z, 6-X, 6-Y and 6-Z
hardpoints are frozen with this design change, thus will not be included in the

hardpoint optimization study.

Figure 3.44 : Steering gear orientation change.

- 8

BT e == ‘

Figure 3.45 : Leafspring design change.

Table 3.6 presents the remaining hardpoints for the optimization study after the

mentioned design changes.

Table 3.6 : Remaining hardpoints after steering box & leafspring design changes.

Coordinate Hardpoint Definition
3-2z Pitman Arm-to-Drag Link Hardpoint
4-x,y,2z Drag Link-to-Upper Steering Arm Hardpoint
5-x,y,z Lower Steering Arm-to-Tierod Hardpoint

For the bumpsteer, rollsteer and maximum wheel angle for the left hand side, 3-Z, 4-
X, 4-Y and 4-Z hardpoints are optimized. A full factorial optimization study is

performed for all 3 design constraints with the following levels for each hardpoint;
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» 5 Levels for 3-Z hardpoint (-2, -1, 0, +1, +2)

» 7 Levels for 4-X hardpoint (-3, -2, -1, 0, +1, +2, +3)

» 3 Levels for 4-Y hardpoint (-1, 0, +1)

» 3 Levels for 4-Z hardpoint (-1, 0, +1)
A full factorial optimization analysis will result in 315 simulations for each design
constraint which makes 945 simulations in total.
3.3.1 Bumpsteer optimization analysis

Parallel wheel travel analysis until full jounce and full rebound conditions for the
front suspension has been performed with the K&C correlated ADAMS/Car model
of the vehicle in order to see the bumpsteer performance of the vehicle. Figure 3.46

presents some sample optimization runs for the bumpsteer characteristics of the

vehicle.
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Figure 3.46 : Sample bumpsteer optimization runs.
3.3.2 Rollsteer optimization analysis

Opposite wheel travel analysis for the front suspension has been performed in order
to see the rollsteer performance of the vehicle. Figure 3.47 presents some sample

optimization runs for the rollsteer characteristics.
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Figure 3.47 : Sample rollsteer optimization runs.

3.3.3 Maximum wheel angle @ full steering wheel lock position

Steering analysis for the front suspension has been performed in order to see the
maximum wheel angle performance with different hardpoints. A statistical approach
is followed for this design constraint since the response is just a number. This
statistical approach is not applicable to bumpseer and rollsteer performance of the
vehicle since the characteristic during whole suspension travel is important rater than

a peak value or another value.

The main effects plots for the left hand side wheel angle at a left hand side turn are
plotted using Minitab program and the 315 simulation results received from
ADAMS/Car. Figure 3.48 presents the main effects plot for left hand side wheel

angle at a left hand side turn.

This statistical approach is used to postprocess huge amount of simulation results in a
short time and discover the main contributor to the selected design constraint. Figure
3.48 shows that the main contributor to the left wheel angle value at a left run is the

3-Z hardpoint which is the z-coordinate of pitman arm-to-drag link hardpoint.
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The same statictical approach is used for the left wheel angle value at a right hand

side turn. Figure 3.49 presents the main effects plot for the left wheel angle at a right

turn.
Main Effects Plot for Left Wheel Angle @ Left Turn
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Figure 3.48 : Main effects plot for left wheel angle at a left turn.
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Figure 3.49 : Main effects plot for left wheel angle at a right turn.

77




According to the bumpsteer, rollsteer and maximum wheel angle optimization results
3-Z, 4-X, 4-Y and 4-Z hardpoints are finalized. The remaining hardpoint are

presented in Table 3.7 which are used for the Ackermann geometry optimization.

Table 3.7 : Remaining hardpoints for the Ackermann geometry optimization.

Coordinate Hardpoint Definition

5-x,y,z Lower Steering Arm-to-Tierod Hardpoint

Figure 3.50 presents some sample optimization runs for ackermann geometry. The
optimization strategy is to decrease the ackermann error in the mid steering wheel

range and do not exceed the old design at the steering wheel locks.
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Figure 3.50 : Ackermann geometry optimization.

A hardpoint set which gives optimum results for bumpsteer, rollsteer and ackermann
error has been determined. Figure 3.51, Figure 3.52 and Figure 3.53 compares the
old and optimized design results of bumpsteer, rollsteer and ackermann geometry,

respectively.

The steer angle during full vertical suspension travel remains between 0° — 0.1° with

the optimized design which is an important achievement for bumpsteer performance

78



Steer Angle (deg)

Steer Angle (deg)

—0lId Design
—---Optimized Design

-110.0 -100.0 -900 -80.0 -700 -600 -50.0 -40.0 -300 -200 -10.0

<-- Rebound

Vertical Wheel Travel (mm)

0.0

10.0

20.0

30.0

400 50.0

Jounce --->

Figure 3.51 : Bumpsteer (old vs. optimized design).
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Figure 3.52 : Rollsteer (old vs. optimized design).
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The steer angle change during cornering is between -0.2° and 0.1° and not completely

symmetric for the left and right roll angles due to leafspring geometry and leafspring-

to-axle hardpoint.

Figure 3.54 presents the top views of old and optimized design to give an impression

on what has been changed.
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Figure 3.53 : Ackermann error (old vs. optimized design).

With the optimized hardpoints, Ackermann error during full steering wheel angle

range is decreased which will result in less tire wear in the mid steering wheel angle

ranges and the characteristic is symmetrical for left and right turns.
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OLD DESIGN

:

i

5

i

Figure 3.54 : Comparison of old vs. optimized design.
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3.4 Vehicle Level Improvements

The CAE results which are presented in Section 3.3 show that the bumpsteer and
rollsteer characteristics of the vehicle is improved up to desired levels. However, it is
important to observe and verify the improvements on vehicle level. The prototype
parts such as leafsprings, pitman arm, drag link, upper steering arm, lower steering
arms and tierod are manufactured according to the optimization study results and

assembled on a proper vehicle.

After having a proper vehicle with the optimized design, a subjective jury evaluation
and objective measurements need to be performed to evaluate the optimized and old

design together.

The subjective evaluation results show that there is a significant improvement in the
straight ahead and cornering controllability performance of the vehicle which can be
detected by average customers. Table 3.8 presents the subjective evaluation results of

optimized design and old design.

Table 3.8 : Subjective evaluation results of optimized design & old design.

Selected Selected
Vehicle Vehicle
(Old Design) (Optimized Design)

Response
Roll Control

Straight Ahead
Controllability |Torque Feedback

Modulation

Symmetry

Response
Roll Control

Cornering  |Torque Feedback
Controllability

Returnability

Modulation 3.0

Symmetry 3.0

Needs to be Improved

Desirable to Improve

No Need for Improvement

In order to verify the vehicle level improvement, objective measurements need to be
performed and the straight ahead controllability metrics of the optimized design and

old design need to be compared.
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Figure 3.55 presents the steering wheel corrections made during straight ahead

driving of optimized design and old design.
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Figure 3.55 : SWA corrections of old & optimized design
during straight ahead driving.

A discernible difference can be observed on steering wheel angle corrections made
while driving the old and optimized design in Figure 3.55. In addition to that plot, the
straight ahead controllability metric of the optimized design is calculated and
compared with the old design. Table 3.9 and Table 3.10 presents the straight ahead

controllability metrics of the old and optimized design, repectively.

Table 3.9 : Straight ahead controllability metric of old design.

Selected Vehicle - Old Design (with Trailer & 80 kph)
TISWA| (°) t(s) Metric (°/s)

Run-1 215.5 26.6 8.10
Run-2 225.2 27.3 8.25
Run-3 256.3 27.9 9.19
Run-4 237.3 27.2 8.72
Run-5 224.5 27 8.31

AVERAGE 8.52
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Table 3.10 : Straight ahead controllability metric of optimized design.

Selected Vehicle - Optimized Design (with Trailer & 80 kph)
Z|SWA| (°) t(s) Metric (°/s)

Run-1 39.8 26.2 1.52
Run-2 37.2 25.6 1.45
Run-3 40.2 26.4 1.52
Run-4 30.25 26.2 1.15
Run-5 42.2 26 1.62

AVERAGE 1.45

The straight ahead controllability metrics show that the required steering wheel
corrections to drive on a straight lane with the optimized design is 6 times less than

the old design.

By the help of subjective evaluations and objective measurements, it has been proven
out that the steering and suspension hardpoint optimization study has solved the

straight ahead controllability problem of the selected vehicle.
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4. CONCLUSIONS AND RECOMMENDATIONS

The basic scope of heavy-commercial vehicle development which was just
concentrated on fuel-economy, durability and performance feel is not capable of
fulfilling the increasing customer expectations anymore. HCV developers
concentrate on additional vehicle attributes such as steering, ride comfort, NVH,
braking, ergonomics and exterior-interior design in order to provide the passenger-

car like perception to HCV drivers during long distance drives.

HCV drivers believe that the steering performance of a HCV is significantly
important if you are commanding on 40 tonnes while driving on highways, turns, etc.
This thesis work is performed to optimize the suspension & steering hard points of a
HCV to improve the straight ahead controllability of the vehicle. The hardpoint
optimization is performed using a kinematically correlated ADAMS/Car model and
the results of the optimization study on suspension kinematics and steering
performance of the vehicle is verified using both kinematic simulations and full

vehicle testing.

Another point that this thesis work attracts the attention is that virtual prototyping
process plays an important role in today’s vehicle development. Effective usage of
virtual prototyping shortens the development cycles and reduces the costs of the
development phases, thus speeds up the fulfillment of new customer expectations. In
addition to these, it enables the vehicle developers to evaluate concepts earlier in the
design phase. It is obvious that virtual prototyping should be used effectively during
vehicle developments since it is not possible to evaluate and verify all 945 different

analyses which are performed using ADAMS/Car model in this optimization study.

The next steps for this optimization study could be decreasing the simulation run
numbers, shortening the simulation timing and using statistical approaches for

bumpsteer and rollsteer characteristics as well. These three improvements will
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increase the efficiency of the optimization study and decrease the development and

testing timings.

To conclude, the subjective evaluations and objective measurements show that the
steering and suspension hardpoint optimization study has been succeeded and solved
the straight ahead controllability problem of the vehicle, thus the customer

expectations will be fulfilled with this optimized design.
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