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Abstract

Vehicle dynamics simulation and testing have historically proven
able to produce large amounts of “static” information (data) that is
very powerful and useful in the vehicle development process.
However, this data is often difficult to access in order to answer
specific questions about the effects of vehicle design parameter
changes on system level, vehicle dynamics and handling response.
This is complicated by the fact that the information is needed in
very short periods of time by a larger engineering organization

outside of the simulation and testing experts
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A process has been developed that combines two disciplines
together with powerful and accurate computer vehicle handling
simulation technology to create “live” information (data) that can be
published through standard spreadsheet technology and utilized by
an enterprise-wide engineering organization. This process has
been proven in the most time critical environment of NASCAR,
CART and Formula One racing by race engineers with little or no

vehicle dynamics simulation expertise
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DOE Process

Define Factors Define Responses Define Event

(control, noise, discrete, continuous)

Design DOE Screening DOE

Quadratic, D-Optimal Determine Significant Factors

Fit Model Interpret Model Optimize Model

(Residuals, correlation coeff.) (Response Surface Equations)
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AutoDOE in ADAMS/RaceCar

Flow Chart of AutoDOE Files and Applications
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Factor Generation
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Factor Generation

1 HODE
2 SP_MASS_CG_X
1 CROSS_WT

4 L_TROD_Z

5 R_TROD_Z

6 LEFT_CAST

T RIGHT_CAST

8 F_L_CAM

9 F_R_CAM

10 LF_SP_K

11 EF_SPF_K

12 F_STA_BAR_KT
13 L_UCA

14 R_UCA

1% LE_SFPF_K

16 BERE_SP_K

17 BE_STA_BAR_KT
18 L_PAN_Z

19 E_PAN_Z

0 L_TREARM_Z

1 BE_TREARM_Z

2 B_L_CAM

MODE
SP_MASS_CG_X
CROSS_WT
L_TROD_Z
R_TROD_Z
LEFT_CAST
RIGHT_CAST
F_L_CAM
F_R_CAM
LF_SP_K
RF_SF_K
F_STh_BAE_KT
L_UCA

R_UCA
LE_SF_K
RE_SP_K
R_STA_BAR_KT
L_PAN_Z
R_PAN_Z
L_TREARM_Z
BE_TREARM_Z
B_L_CAM

CONTEOLLED
CONTEOLLED
CONTEOLLED
CONTEOLLED
CONTEOLLED
CONTEOLLED
CONTEOLLED
CONTEOLL ED
CONTEOLLED
CONTEOLL ELD
CONTROLLED
CORTROLLED
CONTROLLED
CONTROLLED
CONTROLLED
CONTEOLLED
CONTEOLLED
CORNTEOLLED
COHNTEOLLED
CONTEOLLED
CONTEOLLED
CONTEOLLED

QUAL, BRACE
=5 to 1

=250 to O
=0.5% to .5
=0.5 to .5

2 T &

2 T &

3.0 toe 5.00
-3.5 te -1.5

00 te 1300

1600 te 2300

924 to T162
§.75,9.0,9,25
T.5,7.75,8.0,8.25
325 te 425

375 toe 450

b to 3IT3

8.5 toe 10.75
9 toe 11.2%

0 to &

0 to &

1.5 to 2

ADD
MODIFY
COEY

CELETE

CONETREAINTS
HESTING
HEXT

MATH
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Event/Response Generation

B Multi-Event DOE
€ SVC - Static Vehicle Characteristics
® Roll Center Heights
® Ride Frequencies

® Percent Anti-Dive/Lift/Squat
€ Constant Speed Cornering with Banking
® Understeer Gradients
® Steering Sensitivity
® Roll-Couple Distribution

® Front/Rear Cornering Compliance
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DOE Model & Design

FRES_ATLA = Experiment Specifications

I Experimental unit 1 Bum

1 Hon-bklocking factors MODE, SP_HASS_CG_X,CROSS_WT,L_T
d Blocking facstara

3 Hazximum bBloackaiza

i Hedal tarm typsa QUADRATIC
5 Block interaction? -

& Design type D-OFTIMAL
T Conterpoints fblock 1]

B Units/block -

% Humber of blocks -
10 Humber of umnits S00
11 Bumn order STANDARD

B Quadratic Model for non-linear response equations

B D-Optimal Design
@ Discrete and Continuous Factors
€ Multiple Factor Levels

B 500 runs each for SVC and Constant Speed Cornering
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.MER File Generation

i f(MODE == "QUAL"){

b _aero _file = "qualifying.aer",;
If tire = "LS 35.tir";
rf tire = "RS 55.tir";
lr tire = "LS 35.tir";
rr tire = "RS 55.tir";

}el se

i f ( MODE == "RACE"){

b aero file = "race. aer";
If tire = "ChQLS 37.tir";
rf tire = "ChORS 61.tir";
lr tire = "ChQLS 37.tir";
rr tire = "ChORS 61.tir";

}

B Combine factors to create a single discrete factor

B Reduce size of design
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Fit Models

@ast Bquaraes Coalflicioents, Hasponse BF_LT, Madal DESTON >
LT~ o % COEFFICIENTS
Torm Cooff, HStad. Errer T=walus * ¥ BEESIDUALSE
e > 4 GHAFHS
11 Ao, 464421 D_154%45 5 REFINE Hodel
2 MODE<1dEm™ & CHECE Fie
3 QUAL —Q.141318 H_F1OTVEL T ARCCEPT Hodal
4 EACE 0.141314 0. 107 7TH » & EESFONSE/MODEL
5 -SP_HASS_T A Bor12dd4 9 MEXT
i =~CROSS_WT 0.078110 B.i1E20
T o=L_TROD_¥ =0, 083693 B.B1125E
B o~R_THanp_2 =0, 156370 H_D11TVE
9 ~LEFT_CAST 0.044535 12211
1 ~EIGHT_CAS . ar90Td O_lldde
11 -~F_L_CAM =0.114595 B 11977F
12 =F_E_CAH =0, 0286406 B 11749
13 =LF_SP_K =0, 20&5394 . 11565
14 ~RF_SP_K o,73x143 D.11T7E
15 ~F_STA_BAR Z.ZTTAZD O_ 11645
16 L_UCA<Id L=
1?7 E.7h G.O0TEaY 14776
18 9.4 0. 001263 . 14796
i% 9.25 =0, 008912 B.r13EGE
I R_UcaACdd En
¥ T.5 o.a0x709 O_ 17417
3 T.7h -0. 025698 O_D1&TEd
+3 .0 Q.020GED B_1Y200
&4  &.25 Q. o02I00 1?6566
25 =LE_SP_K 0.57446% B.i1i92%
26 ~BH_SP_K =0, 691295 B.B11592
27 -~k ETh_HAR =1.T413%6 D_12170
2B ~L_PAN_Z -0. 371039 11419
% ﬂl_Ei-_I —Q3.934234 . ll%02
30 ~L_TREEARH_ 0.114643 b.012546
31 ~-E_TREEARH_ =0, 473600 B.r11791
32 ~BE_L_TAM =0, 067317 B.i2336
33 ~MODE*SP_M
34 QUAL 0.014408 D.12436 1.1&
1% RACE =0.014408 O_ 12436 =-1_1&
ik ~MOGDE*CROE
3% QUAL =0, 000316 BoG12024 -0 0E
a, oases = S0 B=gs. = O,99932 BHSE Errer = {,1631
wrdd . dF = 159 R=mg=ndj. = o, 9976 Cond, Ha, = 30_34
= lmdicatan Facktorzx are Eraouformad.
EXFER. HULEEG> [AUTOFIT])
EXFER. HULEEG> [FIT]

are roews and columns to display.
ULREG., PFIT» [ANGVA
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Fit Models

Hormal Probability Plot of Besidwals of ®F_LT
Uaing Etudentized Rasiduals in Hodal DESTGH
{Sample size = H00)

.99+

0.8+

.7+
0.6
0_6—-
0.4
0.3+

- BEG

t Famm

0.2+

0. 00+

o 1
=d =3 =g -1 1] 1 ] 3 4

Bosidusls of TF_LT

akimg HISTOGRAM graph.
pntinwe, EBdit, Sawve, Frint, Printout, or Plot?® [CONTINUE]
akimg PROBABILITY graph.

e LA b Edie Dav e Frint

Frintoul or FPLeL? COHRNTINUE
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Fit Models
[ e Wrow )

Histogram of Easiduals of RF_LT
Uxing Studentized RBesiduals in Hodel DESIGH
[(Sample sizge = SO0}
L

Lk

5T
3l

25

“ HEarFraaRm

151 —

10+ —

1 -3 =2 -1 [ 1 2 3 1
Resgidusals of RF_LT

ABE, LAG, PFPARTIAL, INFLUENCE.
Enter & cheicwe, & list of cheioces, or ALL: all
aking MISTOGRAM graph.

entinwa, Ediit, S2ave, Prist, Printeut, or Plec? |[COHTIHRUE

1

Mechanical
Dynamics



Farete Graph for Mulreg PRE_ATLABHULEEG, Model DESIGH
Hoin Effects on Response PER_FNT_LT

U_STA_DAB_KET; 934 to 6524.12

R_PAN_T: 9 te 1138 i (-1, 87)
L_PAN_Z: $.5 to 1ﬂ.?5;’¢’f’,’4’?",’/] (=1.73)
RF_SP_K: 1600 to 2300 1.47

SF_HAESE_CO_¥: -% ca .1!,»:; {,’;:;: ;;s:. {-1.4p
EE_SP_K: 375 to 4505 :*’:*’,“’*,' {=1.%49)
LE_SP_K: 325 to 425 | 1.15

B TREABM_Z: 0 ve &0 000
LF_SF_K: 8§00 to 1300 70
E_TROD_Z: =0,.5 ta ﬂ.ﬁi;j-i-ﬂ-Eil

BHAGOEm M

[=0.41)

Interpret Response Models

. L o i A -
B_STA_BAR_ET: 0 to 373 L0000 oo R ] =3, 49)

Eutimatmed Haim Effacts

EIGAT_CAET F_E_CAH LEFT_CAST E_L_CAH

HODE: "gUAL" ko "RACE™ o.28
L_TREARH_Z: 0 to d4.22 .2
F_L_CAH: 3 to 550 (=0,23)
L_Thab_2Z: =0.5 ke 0.5 [=0.17)
CROEE_NWT: -:Zb0 tea @ 0.1l : : :
o 1 z 3 p 5

HOTE: Factors ranked belew 1% are not pletted. Thay are: L_UCKA E_UCH

Computing moin effects... Dona.
isplay effects s CORNFIDENCE Iintervals or a FAEETD ochart: [CONFIDEMCE] FAR

ieplay affects sp a GRAPH or a TABLE: [GHAPH]
fomtimun Edit Save, Primt, Printout Flat or Imtarpratd COHNTTHIE
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Interpret Response Models
e B

Parstas Graph for Hulreg PRE_ATLAFMULRESG, HWoadal DESIGH
Main Effects on Responaza SLIF_US_=SEAD
BE_TROD_Z: -0.5 ko 0.5 : : 0.09%7
F_R_CHRH: =3.5 to =1.5 0, 0903
BP_MASS_CO_X: -85 te 1[,» e a-’re_fa x’r-f'a S '«*J-I—u.ﬂuﬂ!b
EROSS_WT: =250 to O o.0827
L_TREDD_ZT: -0.5 to 0.5 0. 0597
F F_L_CAM: 3 te & .-"_.-"'__."'.-"'_.-"'_."'_.-"'_.-"'_'_.-"'_.-"'_'].i-—.lgl.l:lﬁll:-
: B_STA_BAR_KT: D o 373 [iiinamaiid ;’,j {=0,0435)
: HODE: “gUAL" te “BEACE® Q. 0417
L P_STA_BAR_KT: 924 to G6571.12 | .03z
LEFT_GAST: 2 two BL’,’,*,’,’, ;’,’,1 (=0, 035651
BF_SF_K: 1600 ve 2300 0.025%
L_FAN_%: #.5 ta 10,75 [=0,0253)
B_EAN_Z: 9 to 11.28F oo (-0.0236)
RE_SP_K: 3T5 ta 450220000 (-0.0191)
LE_SP_K: 325 to 425 G.0154
E_THEABM_Z: 0 to & _.-;.-":_.:”1.—1:!.5115} .
o.00 002 o 0d 0,08 0. 08 o.10
Eetimotad Helm Effsote
HETE : Factors ranked balew 16 are mel plottad. Thay ara: L_UCHK
EIGHT_CAST L_TEEAEM_2 LF_SP_K E_L_CAM R_UCA

oEputing maln effects... Done.
txplay affscte as CONFIDENCE intervalm
lsplay affaers as a OBRAPH ¢ a TABLE:

er & PARETO chart: [CONFIDENCE] par
[3EAFH]

oEtinwes, Edit, Save, Frimt, Frimtout, or Plot? [CONTIBUE] I
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Interpret Response Models
L Y * |

- _ LF_CAMZ, ELIP_US_GRAD, SWA_US_OEAD
Cenai HODE = QUAL, L_TROD_Z2 = 0, R_TROD_ZE = 0, LEFT_CAST = 3
s BIGHT_CAST = 3.75, F_L_CAM = 4.5, F_E_CAM = =3.5, LF_SP_K = 1395
, BF_SP_E = 1710, F_sSTA_BAE_KT = 1650, L_UCh = O, R_UCAh = O
, LE_SP_K = 350, RR_SP_K = 4235, RB_STA_BAR_KT = 120, L_FAN_Z = 10,375
s BE_PARN_2 = 11.75, L_TBEAEM_Z = 0, BE_TEEABH_2 = O, B_L_CAH = 1.45
n L L L i L L L i L L
¥ i - | - T ! L —— ! ! g -
: 0. 38" 1
- L1 . 1
20 = 0.2 0.4 | 0.385
"l&-—_____ e -
=40 e 0, A e S, AT
-6 4000 snew : pi3s: i
0T 385 B A 0.4 -0.h
el = 2 00 ~F000 . e 0. =,
-850 ———t—————. 303 -
'y y __—'_- d _.-".
5 C100 opag P o.395 T
o p D .39 = o -
5 -120+ . — A 0.2 T ~T
- ety o
8 0.335 s 0.4
= =140+ e e T
] —— N 0395 — o ]
0.2 L £ 00 )
-]_ﬁ-ﬂ-:____h- 0 -_____-' ....__.-'-
e 1Y R ) g ;
180+ — g ,f""'{ 1
=2 0 g 405 _J_d__---" ; 0
-__-T"“"l- = 24000 <5 00—~
-‘321]-: : —a.4 L e S T, T TR |y [ --______,. !
-_\___\__l'l- > —ﬂ. 2 "ﬂ . 2_ ..-_____:-'" )
=240 pg a1 8 41" ..______.-
-5.0 =-4.5 =4.0 =3.5 =3.0 =2%.5 =2.0 =1,5% =1.0 =0,5 0,0 4.5 1,0
SF_HASE_CO_X
LF_ChAM2
SLIF_US_GEAD
SHA_US_GRAD
[(Computing contours for sucfacae 1...Dona)
[Computing contours for surface Z...Done)
[Compating contours for surface 3...Done)
gntinuwa, Edit, Sava, Priat, Priatout, Flot, or Stop? [CONTINUE
A@
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Interpret Response Models
g T S s 131 = |

.y = EWA_UE_ORAD
ulod e MODE = QUAL, L_TROG_T = 0, E_TEOD_X = O, LEFT_CAST = 3

, BEIGHT_CAST = 3.7%, F_L_CAM = 4.%, F_KE_CAhH = -3.%, LF_gP_K = 1349%
., BF_SP_K = 1710, F_STh_BAR_ET = 1050, L_UCA = 0, R_UCh = 0

., LE_SF_E = 350, RE_SPF_K = 425, E_STA_BAR_ET = 120, L_FAN_T = 14.375

. E_PAN_E = 11.75, L_TREEARH_T = [, E_TREEAEHM_I = 0, E_L_CAH = 1.45

CROSS_WT EP_HAEE_CG_X

This sat has 3 plots.

ontinwe, Edit, Save, PFrimt, Primtowut, Plet, or Stop? [CORTIEVE]
ontinee, Edit, Save, Primt, Printout, Fleot, or Stop?y [CONTIEUE]
ontinewe, Edit, Sawve, Print, Printowt, Flot, or Stop? [EUITIIHE' I
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or Farmula

Factors
HODE

CROSS_MWT
L_TROD_X
B_TROD_T
LEFT_CAST
EIGHT_CAST
F_L_CAMH
F_N_CAH

11 LF_%P_E

12 BRF_SP_KE

Ty Y- NE O T

13 F_STA_BAE_KT

14 L_UCh
15 E_UCh

17 EE_SF_K
18 RE_STA_BAR_ET
1% L_PAN_Z

20 E_FAN_I
21 L_TREARM_Z
42 E_TREARH_Z
23 E_L_CAM

2h Responzss

26 LF_TCAMZ

27 SLIF_US_GRAD

26 SWA_US_ORAD

pnvarged to a tolerance of 0.5 aftar 242 steps.

P _MASS_OG_X

QUAL, RACE

=5 ko 1

=250 to 0
-0.5 to .5
0. % e B

2 to 4

2.78 to 4.76
3.5 te 5.5

=8 % o =2.5
1145 to 1645
1510 to 1910
1100 toe 2X00
=0_3Th s 375
=0.375 to 375
300 toe 400

375 e 4ATH

T te 240

.75 to 11

11 e 125
=1.% ea 1.%
=1.5% to 1.5
1.25 to 1.65

HIH

SaLlting

-2
=125

3.75
-3.%
1395
1710
1650

350
425
120
10,38
11. 75

1.45

Valua

EACE

=0, 91922
=246.16
O.024%
0.3255%

0,27368
=0, 097483
FIL.TH
did._ 43
185.11
10,425
11.1&9
0.13%924
=L, 4065
1.4636

0.56933
36752
-G D2Th

Optimize Response Model

MIH/HAX

FACTOR Banges

INITIAL Satcings

TOLERANCE

1

2

3

E CONETRAINTSE
B

7 STEP Limit

*» 9 BTORE
10 RECALL
11 WEXTY
12 MAIHN

ptimizing at fized Factor msatting

(QUAL] -

onverged to =8.02764 {tolersnce = 0.5) pfter 208 steps.
aleculating eptimal valuwas.
IHNTEEFRET . OFPTIMIZE®

FERFORM
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Response Equation Spreadsheet

B Export response surface equations to Excel
» 32,000 lines of quadratic model terms
 Link multi-event response equations to master setup

B Excel Solver functions to Optimize
B Session Trend Analysis and Review

B VVBA Pareto generation
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Excel Setup Page
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Rids Haiqhtr & 1. 4"r
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FRONT!REAR DOWNFORCE -vs- LAT. ACCEL.

TOTAL DOWNFORCE -us- LAT. ACCEL.

FEE RS a s+ e ww s | F_AERO ) \\\Hﬁ
—=— F_AERO _basze —+— Total_fera
F_AERCO , \.{\.\.\\I\H\I\RE!I —a— Total_fero_baze
B _AERD base !\\\H\h\u\n\-\
I _“_um __ _._m _m __”_ _“_um _4 _._m _m
TOTAL AERO -vs- LAT. ACCEL. Front Aero Distribution -vs- Lat. Accel.
upm "
= T
..wa-.#,;..ﬂ.fif .ff.ﬂf;.i/ﬁ.ﬁ.r
Jf}flf(”.}iﬁ/l ' iff:l;f))“{ifi.
.frf;lr.ﬂrr,.-,/-. —+ DRAG —+ %Front_fere
Ir(f.()ﬂ.f.rrl,fl. —8— ORAG_baz ff)fn..“,/.ryi/i{l —8— XFront_Acra_bas
== ]
- T T T | ' T T T |
u} 05 1 1.5 2 u] 05 1 1.5 2
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F_&ERCH F_AERCH

F_AERO

& 5 4 2 0 2

FLLT PITCH

-300 200 -100 0 100 200 300 01 -0.05 u .05 a1 a1
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Conclusions

Through the use of the ADAMS/RaceCar mechanical system
simulation environment, engineers can perform Design of
Experiments (DOE) on full vehicle handling models to determine
vehicle response sensitivity and effects. Screening DOE's are
performed to eliminate factors insignificant to vehicle response and
higher order factors are investigated using RSM methodology to
optimize vehicle behavior. Once the DOE is performed and
Response Surface Equations are generated, the response
equations are published through a standard spreadsheet
environment where vehicle parameter influences and interactions
can be quickly evaluated, trackside, in real-time, with the accuracy

of the complex full vehicle simulation model
o1
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