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Design Optimization of Driver Control
and Uncertainty Study on Dynamic
Performance of a Robot Vehicle
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Mechanical Simulation

Dynamic Vehicle Simulation “E-Class Sedan” in CarSim

Vehicle Body
Rigid sprung mass
E-Class, Sedan

Aerodynamics
E-Class, Sedan Aero

Animator Data
Vehicle 3D Shape: Vehicle Shape
E-Class, Sedan
Systems
Powertrain: 4-wheel drive
250 kW, 7-spd., 2.65 Ratio

Brake System: 4-Whee| System
E-Class, Sedan w/ ABS

Steering System: 4-Wheel Steer
E-Class, Sedan: Power R&P

Custom settings

3x1 image
scale

Front Suspension
Generic/independent
E-Class, Sedan - Front

Springs, Dampers, and Compliance
E-Class, Sedan - Front

Tires: Specfy 2l four tires alike
All tires
225/60 R18

Rear Suspension

Generic/independent |"
E-Class, Sedan - Rear |r
Springs, Dampers, and Compliance
E-Class. Sedan - Rear

www.optiy.eu
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Driver Control in Simulink by Co-Simulation with CarSim
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Mechanical Simulation

Design Automation Workflow in OptiY
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Mechanical Simulation

Design Parameters of Driver Control

Error area between ISO/SAE intermediate
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Mechanical Simulation

Multi-Objective Design Goals

E

277

608

225 30 0 0374 0748 .
requency

Steering wheel angle in time domain Steering wheel angle in frequency domain

or = 35.2331 %

Design Objectives:

- Driving road: Minimize integral of lateral
error

- Driving comfort: Minimize maximal
amplitude of high frequency

Integral of Lateral Distance Error www.optiy.eu
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Mechanical Simulation

Driving comfort

Multi-Objective Design Optimization
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Lateral Error

Error = 41.8068 %

1D Lateral Error
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ﬂ
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Lateral Error

Error = 42.8558 %
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Mechanical Simulation

Some Selected Uncertainties and Errors of a Passenger Vehicle

Front Differential Rear Differential
Stiffness + Damping Stiffness + Damping

Aerodynamics

Road Friction
Steering Wheel
Hysteresis +
Stiffness + Damping

Tires: Roll Radius +
L _Stiffness + Damping +
Resistance Moment +
Transition Factor

Vehicle Speed

Distance Sensor

Front Suspension gﬁ;r SusEel:;m sion_
Stiffness + Damping ess amping

Uncertainties and errors are varying depending on weather, temperature and environment

www.optiy.eu
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Uncertainties as Stochastic Parameters in OptiY

- @ =]
Mame Meminal Tolerance |Distribution ‘
Lx_Sensor 13 0.2 Mormal Dhstribution
Gain Area Error 10 0 Mormal Distribution
Gain Lateral Error 30 0 Mormal Distribution
Vehicle Speed 100 0.2 Mermal Distribution
Road Friction 0.85 0.1 Mermal Distribution
Air Mass Density 1.206 012 Morrmal Distribution
Transfer Torsional Stiffness 20 8 Morrmal Distribution
Transfer Tersional Damping 0.8 0.08 Morrmal Distribution
Front Differantial Stiffness 100 10 Mormal Distribution
Front Differantial Darmping 1 0.1 Mormal Distribution
Rear Differantial Stiffness a0 -] Mormal Distribution
Rear Differantial Daping 0.8 0.08 Mermal Distribution
Steering Column Damping 0.002 0.0002 Mermal Distribution
Steering Column Hysteresis 03 0.03 Morrmal Distribution
Front Steering Damping 4 0.4 Morrmal Distribution
Front Steering Hysteresis 200 20 Morrmal Distribution
Steering Torsion Bar Stiffness 2 0.2 Morrmal Distribution
Tire Effective Roll Radius 365 5 Mormal Distribution
Tire Spring Rate 278 27 Mormal Distribution
Tire Rolling Resistance Moment 3e-005 3e-006 Mormal Distribution
Tire Transition Factor 1.1 0.1 Mermal Distribution
Front Suspension Spring 34 3 Morrmal Distribution
Front Suspension Friction 20 2 Morrmal Distribution
Rear Suspension Spring 46 4 Morrmal Distribution
Rear Suspension Friction 20 2 Morrmal Distribution

119

B4

5.96

208

0

Mean
Sigma
Vanance

0614

0461

Q5L
]
Mean

Sigma
Variance

Vehicle Speed

99902 100 100 100 100,058

90,9900 Skewness | -DU0DE13644
0032835 | Kurtosk 282401
000107813

Rear Suspension Spring

44041 45 46 A7 470504

460014 Skewness | 000727218
D655 Kurtosis 282080
0428025

181

121

6.04

4]

Mean
Sigma
Variance

0814

0611

0407

0204

]

Mean
Sigma
Variance

Road Friction

0.801030.826 &5

0850004 | Skewness | 000324728
00164512 | Kurtosk 2824
0000270642

0874 BOBOES

Front Suspension Spring

325313333 Er 347 35 4600

34,0007 Skewness | 00117828
0491756 | Kurbosis 28407
0241824

Normal Distribution:

* Nominal

* Tolerance
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Monte-Carlo Dynamic-Simulation for Meta-Modeling

Lateral Error 1D Lateral Error Steering Wheel Angle 1D Steering Wheel Angle
o 75 15 225 ﬁ:}e [+] i 15 225 T”_:.]oe
Integral Lateral Error 400 Max High Frequency 400
Design of Experiment
 Latin Hypercube Sampling
- o * 400 Sampled Points
T e e S e R e www.optiy.eu

Sigma 0000727927 | Kurtosis 484580 Sigma 0212432 Kurtosiz 208835
Variance 5.28878e-00T Variance 00451274
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Meta-Model of Driving Comfort on Some Selected Parameters

Max High Frequency = 667678
Wehicle Speed

&7

Road Friction

6.68

B.65

08 085 L]
Road Friction = 0.85

67
=iy

6.68

5709 B85

115 121 127
Air Mass Density = 1.206

o2

a6
6.68

b " Lx_Sensor = 1‘;
M - Rear Suspension Spring=:g
3D- Response Surface 2D- Section Diagram

Meta-Model = mathematical relationship between driving comfort and uncertainty parameters
www.optiy.eu
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Sensitivity Analysis on Driving Comfort

Amplitude 1D FFT Spectral Max High Frequency

Road Friction 2297T%
2297T%

Air Mazz Denzity 21.13%
213%

Lx_Sensor 128%
129%

High Frequency (Max. Amplitude) e monsrng | 12ai

1224%

Steering Torsion Bar Stiffness 1076%

1076 %
Front Suspension Spring 1032%

10325
Vehide Speed T545%

7o %

Tire Rolling Reststance Moment
6%

Tire Transition Factor 0415%
Frequency i
Front Steering Hysteresis ozzsx |

0225

Driving Comfort = min. Amplitude of High oo o
Frequency (>0.1221 Hz) for steering wheel angle S a11%

Depending on 7 important Parameters/Uncertainties ===

Fromnt Differantial Stiffness 007 %

- Road Friction = 22,97% e

Transfer Torsional Stiffness 0004 %

- AerOdynamiCS = 21 ,13% Steering Column Damping gz:

. 002%
- Driver Sensor =12,9% TarsferTorsorsiCamgeg 032%
- Rear Suspension Spring = 12,24% Fom DffenADanens Gt

Rear Differantial Stiffness 001 %

Steering Torsion Bar Stiffness = 10,76%

1Gain Area Error 0%

Front Suspension Spring = 10,32% e o

0%

Vehicle Speed = 7.54% Gain Laters! Error 0% W Tot=l Effect

0% WMazin Effect
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Dynamic Sensitivity on Lateral Error

Sensitivities 1D Lateral Error
936% Lx_Sensor
Gaiin Area Error
A-A Gain Lateral Eror
Vehice Speed
Rozd Friction
702% Air Mazz Density

Transfer Torsional Stiffness
Transfer Torsional Damping
Fromit Differantizl Stiffress
Front Differantial Damping
Rear Differantial Stiffness
468% Rear Differantial Daping.
Steering Column Damping
Steering Column Hysteresic
FrontStesring Damping
Front Steering Hystersss

Steering Torsion Bar Stiffness
e Tire Effective Roll Radius
Tire Spring Rate

Tire Rolling Resistance Moment

Tire Transition Factor

= Front Suspension Spring
0% Front Suspension Friction
0 30 Rear Suzpension Spring
Time ——
Rear Suspension Friction
Lateral Errar 1D Lateral Error
0737
033
00773
-0.484
0881
o 75 15 225

www.optiy.eu
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Cut-Sensitivities on Lateral Error

1D Lateral Error ot ealE ey
Vehide Speed B631% ReadEicicy et
B631%
Road Friction 2645 Wehice Speed :3: :
364%
Lx_Senzor 201% Front Steering Hysteresis :i:i:
201%
Front Steering Hysteresis 136% 1 e HEHes
138 1268%
Steering Torsion Bar Stiffness  0.88% || Steering Torsion Bar Stiffness 5.49%
088% 3A9%
Tranzfer Tarsionzl Stiffnezs o8% | Transfer Torsional Stiffness 503%
8% 503%
Rear Suspension Soring oris | Tire Rolling Resistance Moment 4.01%
7% 401%
Tire Rolling Resistance Moment 0.41 5% Rear Differantisl Stiffness 348%
041% 348%
Steering Column Hysteresic 037T% Rear Suspension Spring EX N
037T% 341%
Front Steering Damping 037% Steering Column Hysteresis 314%
037% 314%
Tranzfer Torsional Damping  037% Steering Column Damping 296%
037T% 2106%
Rear Differantial Stiffness 036% Tire Spring Rate 2465
036% 246%
Front Differantial Stiffness 034% Transfer Torsional Damping 2445
034% 2A4%
Steering Column Damping 033% Front Steering Damiping 234%
s Cut A-A e ut b-
Rear Suspension Friction 020% Air Mazs Density 226%
029% 226%
Air Mass Density 027 % Front Differantizl Stiffness 201%
B 0a7% 201%
Tire Transition Factor 022% Tire Transition Factor 162%
022% -
Front Differantial Damping 018% Front Differantizl Damging 103%
Qig%
103%
Frant Suspensian Spring T Frort Suspension Friction 0.85%
017 Py
Beaili=an it g:g: Rear Differantial Daping 073%
_ 073%
Tire Spring Rate g::i Front Suspension Soring 065 %
o 065%
Front Suspension Friction o1k Rer Suspension Friction 0545
a1 %
Tire: Effective Roll Radi 1% o=
= e i Tire Effective Roll Radius 019%
Gain Lateral B 0% oo
s e o Gin Latersl Error 0%
_ W Tots! Effect 0%
'Gain Ares B 0%
i Ares Brrer 0% Main Effect Gain Ares Emor 0% u Tottal Effect
05 Main Effect
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Dynamic Sensitivity on Steering Wheel Angle

Sensitivities 1D Steering Wheel Angle
B01% Lx_Senzor
Gain Area Error
Vehicle Speed
Rioad Friction
75 Air Mass Density

Transfer Torsional Stiffness
Transfer Torsional Damping
Front Differantial Stiffness
Front Differantisl Damging
Rear Differantial Stiffness

45% Rear Differantial Daping
Steering Column Damping
Steering Column Hysteresis
Front Steering Damping
Front Steering Hysteresis
Steering Torsion Bar Stiffness
=i Tire Effective Rol Radius
Tire Spring Rate
Tire Rolling Resistance Moment
Tire Transition Factor
o - -
/-’ \Jlf 1 e —— / ‘\;_;____' i Front Suspenzion Spring
Be-011% < 3 Front Suspension Friction
Q 75 1= 225 30 Rear Suspension Spring
Time -
Rear Sarznension Frirtion
Steering Wheel Angle 1D Steering Wheel Angle
ERE)
208
483
-20
a8
o 75 15 225 30

Time
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Cut-Sensitivities on Steering Wheel Angle

1D Steering Wheel Angle 1D Steering Wheel Angle
Vehicle Speed ﬂﬁi Wehide Speed :gﬁi
Tire Roliing Resistance Moment :ﬁ:: flear Suspension Spring :ﬁ :
Road Friction 105% || Road Friction ::_g;a%
103% -
Steering Torsion Bar Stiffness 0.07% || Air Mass Density 31
Lx_Senzor 32: | Steering Torsion Bar Stiffness ?ﬁii
Front Suspension Spring E%z 1 Tire Roliing Resistance Moment gg:
Front Steering Hysteresiz gg_:.: 1 Front Suspension Spring ;:g:
FrontDifferantial Stitfness ~ 0.87% || Front Steering Hysteresiz ;ﬁ:
0.86%
Steering Column Hysteresic 081% || Trancsfer Torsional Stiffness 33::; :
Rear Suspension Spring g.-g?% e ig:
074%
Air Mass Density 0.655% Lx_Senzar i 56%
Tire Spring Rate g:;% Rear Suspension Friction :ﬁ:
Transfer Torsional Stiffness z::: Front Differantial Stiffness :i—’;:ﬁ
053%

Steering Column Hysteresis 165%

Rear Differantial Stiffnecs 030% 160%
038% C U t A'A Front Suspension Friction 148%

Rear Suspension Friction 039% 146%
038%
. . Rear Differantial Stiffiness 145%
Front Steering Damping 036% 132%
N - 034% Steering Column Damping 108%
Steering Column Damping 025% 1.0d4%
o Tire Transition Factor 0.96%
Tire Effective Rioll Radius 0005 094 5%
o Qe Tire Spring Riat 083%
Front Suspenzion Friction Q09 5% 081%
Qe Front Differantial Damping 073%
Rear Differantial Daping 0108 % 07%
(3 Transfer Torsional Damping 045%
Front Differantizl Damping Q07 5% 038%
) . ULEES Rear Differantia Daping 013%
Transfer Torsional Damping 006 % 011%
0.05% Tire Effective Roll Radius 009%
Tire Transition Factor 006 % 0.08%
(UIE=S Gain Arsa Error 0%
Gain Area Emor 0% 0% [l Totzl Effect
0% W Total Effect Main Effect
Main Effect
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Summary

» Detailed simulation of dynamic performance of a robot vehicle is performed in CarSim
and the driver control by co-simulation in Matlab/Simulink. The design workflow for both
processes is build in OptiY for automation and optimization.

» Finding optimal control parameters of the driver model automatically, a multi-objective
optimization is used to increasing the driving comfort and minimize the lateral error of
driving road.

« The dynamic performance of a passenger vehicle is affected by many uncertainties and
errors as friction, stiffness, damping of components etc.. They are varying depending
on weather, temperature and environment. The uncertainty study takes these
uncertainties and errors into consideration. It uncovers the relationships between
driving comfort, lateral error on these uncertainty parameters. With sensitivity analysis,
almost important parameters can be identified for driving comfort and lateral error.
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