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: Vehicle weight

: Dynamic weight on front wheel at plane
: Dynamic weight on front wheel at slope

: Wheelbase

. Slope angle

g
K

Vdesired
meeasured:

F

y

: Yaw rate

. Peak yaw rate

: Time to steering stop
. Steering angle

. Vehicle speed

. Acceleration of gravity
. Understeer gradient

. Desired yaw rate

Measured yaw rate

. Lateral force

. Slip angle

. Cornering stiffness

: Cornering coefficient
. Vertical force

. Lateral force on front wheel
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. Lateral acceleration at vehicle C.G.(Center of Gravity)
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NS

. Lateral force on rear wheel

: Cornering radius

: Slip angle on front wheel

: Slip angle on rear wheel

: Dynamic weight on front wheel

: Dynamic weight on rear wheel

. Cornering stiffness on front wheel
. Cornering stiffness on rear wheel
. Lateral acceleration

. State variable

: Design variable

. Time

. Iteration number

: Cost function

. Gradient of input

: Time step

. Final iteration number in each time step

. Sideslip angle
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Figure 1.3 Yaw rate control in conventional ESC system for preventing

unstable vehicle condition
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Figure 1.4 Example of time delay due to body behavior

measurement method
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Figure 1.5 Detection time comparison of the wheel force

sensor and yaw rate sensor
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Figure 1.6 Sprung mass and unsprung

mass in vehicle dynamics
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Lateral dynamic response on passenger car without ESP

1 Driver steers, lateral-force buildup,

2 Incipient instability,

3 Countersteer, driver loses control of vehicle,
4 Vehicle becomes uncontrollable.

Mg Yaw.

Fr Wheel forces.

(i Directional deviation from vehicle’s longitudinal axis
(float angle).

UAF0020Y

Lateral dynamic response of vehicle with ESP

1 Driver steers, Mg Yaw.
lateral-force buildup, Fr Wheel forces.
2 Incipient instability, [} Directional deviation from
ESP intervention at right front, vehicle’s longitudinal axis
3 Vehicle remains under control, (float angle).
4 Incipient instability, ajm Increased braking force

ESP intervention at left front,
complete stabilization.

UAFQ021Y

Figure 1.7 Lateral dynamic response on passenger car (on upper

without ESC, at lower with ESC)
[Figure from BOSCH Technical Instruction]
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_Vehicle tracking during right-left cornering sequence (on left without ESP, at right with ESP)

djw Increased braking force
(1) Driver steers, lateral-force buildup,
(z) Incipient instability,
ESP intervention at left front,
(3 Countersteer; left; Driver loses control of vehicle; right: Vehicle remains under control,
& Left: Vehicle becomes uncontroliable,
Right: ESP intervention at right frant, complete stabilization.

1 Vehicle without ESP 2 Vehicle with ESP

-
4

£y i/

-

it
¥

.‘- ':b“")

7/ Phase @)
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Figure 1.8 Vehicle tracking during right-left cornering sequence (on

left without ESC, at right with ESC)
[Figure from BOSCH Technical Instruction]
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Dynamic response curves during a right-left
cornering sequence

1 Vehicle without ESP,
2 Vehicle with ESP.

Steering-wheel

Lateral

Yaw rate

Float angle
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Figure 1.9 Dynamic response curves during a

right-left cornering sequence

[Figure from BOSCH Technical Instructionl]



Lane change during panic stop at
vo =50 km/h and pyr = 0.15 (black i

dljm Increased braking slip

1 Vehicle without ESP 2 Vehicle with ESP
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Curves for dynamic response parameters
for lane change during panic stop at
g =50 km/h and HHF = 0.15

1 Vehicle without ESP,
2 Vehicle with ESP.
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Figure 1.10 Lane change during panic stop(left figure) and curves

for dynamic response parameters(right figure)

[Figure from BOSCH Technical Instruction]



Bosche] ESC Alz®le] Hz=2 4837 8 olFo= Alxwld that
A

A Aol Fee AUHT BT AZsATH Aoz ESC AL
g

AR Z 71=3 A s(full braking)oly} 4742 A5, E}si(coasting),

&

AR B 5F o] S(oad shiftysh e 2haFe] F8 A g Ao A
A AT AR 2% Aol yHTh

=AE EAe] HAZ =3 dolu =Y A", HAA

|4 olojF o, X&HoZ F AA

7}
#

A A5 =2F 5o A= AFe AA B S woAAFH AF

i

o] 3| d(spin) YA FES dANA FHE

ARz At 22N & FAGZLT e W= 55 As 7

QA2 Efojofsh wr Abo]o] vpaA ol T ol =L S8 Aol

83 AlTAY &5 45 =+t

o]£2% BoschollAl&= o]lojA= AFolA ESC Al2®lo] S8
oty e} SUV(Sports Utility Vehicle)yb 48 EZ 2] HE(Rollover) ®A]|
H7F Jdow, 4575 A" AHLstH Q(yaw) Ao B HArtEs

ole] Hth A/t &S RAFE AFE ARG

12

A



st ESC Al=®lo] AgFe] FEALAL oo & &a37) o] &3z
o|% 7z} \tebuitt ESC Al28le] Al oy &afe] B @ A7) of
Folgov ol ESC Alzgle] 2t @/ A% ekl et o
e ARss wWgel =i,

Table 1.1 NHTSA® oA rwn v el Astz ESC A|AHlO] Z=EA7 &

H 2 220 et duutE AnE BREE FHE ZE=AE Ko
FI AT LRE S8k AWAHA FEALE dE EW, ©Y TEA
IAE 3B% =953, AFAILY] Y-S 69% =471, ALY AF

-

< 19% =953, e A4 SEAL 14% A 2371 dva 3@

g4 9 9ew HAME ESC Azdel Awel wmed Ax

~
O

(skidding crashes)d] 80%E WAslH RE FFHo A3 wEAILY
35%E AWshe 37t vt BRu ekt Agee) s ESC Al 2w o]
T FES TS BE AW A A 16.7%E <Wsta AZsta
AW A ZEA T 21.6%2 WASE &yl Yoty RuPo M g
A= @Y F=EAlai(single-vehicle crashes)®] 35%, X8l ©@d =
EAL Y] 50%E dWst, AW EFE(head-on crashes)?] 30%, X|™ 2 <l

AAZE 40%ZS osle AoZ RuFPED 7 Qo|x mol m]A|

19 - SE



Table 1.1 Effectiveness of ESC by Crash Type and Vehicle Type

Fatal Crashes PCs LTVs
Single Vehicle Excluding
. L 35% 67%
Pedestrians, Bicyclist, and
. (20 ~ 51 (b5 ~ 78)
Animal
69% 88%
Rollover
(52 ~ 87 (81 ~ 95)
o 19%* 38%
Culpable MultiVehicle
(-2 ~ 39 (16 ~ 60)
14% 29%
All Fatal Crashes
(3 ~ 25 21 ~ 38
All Crash Severity Levels PCs LTVs
Single Vehicle Excluding
. S 34% 59%
Pedestrians, Bicyclist, and
. (20 ~ 46) (47 ~ 68)
Animal
1% 84%
Rollover
(60 ~ 78) (75 ~ 90)
o 11%* 16%
Culpable MultiVehicle
4 ~ 18 (7 ~ 24
8% 13%
All Crashes
G~ 1D 9 ~ 16)

*not statistically significant

PC: passenger cars, LTV: light trucks and vans

Note: numbers in parentheses represent the 90 percent confidence bounds for

the mean
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7MEEA ASE o] &3t AbA Y wI1wl ZKsideslip angle)s TFetal A,
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ATEGe] FEHL WA AFe] 54 Aol /g = JFS HA

+ ESCA|ZHlo] 1 7]RbS Fa1 ke Aotk
ESC + Braking (Hydraulic -> Hybrid -> Brake-by-wire) >
7 Integrated chassis
ESC + Steering position / Control > control system
ESC + Dynamic suspension # Independent wheel
module
H D Integration of suspension and braking >
Now - Integrating ESC, EPS, EBS, active suspension and damping
- Electronic torque transfer & management
- Integrated chassis control systems
> 2015 - By-wire systems (Steering, braking, suspension)
- Independent wheel module (ECM)
Key: EPS - Electric Power Steering, ECM - Electric Carner Module Source: Frosi-& Sullivan

Figure 1.11 Unified Chassis Control(UCC) system technical roadmap in

Europe(from Froust & Sullivan report)
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Figure 1.12 Unified Chassis Control(UCC) Algorithm example
(Source : Development of an Integrated Chassis Control Systems For
Vehicle Stability and Handling ¥ )
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122 AF AA ¢AL AL 7e

A =l - 2ol AEBkE] Aol HEEHI = ESC Al=®dl+=

e
r

% AlA(wheel speed sensor)e} &7+ Al A(steering angle sensor),

fo

& AlAM(yaw rate sensor), &7}4& % AlA(lateral G-sensor), H.@o]=
&4 A (brake pressure sensor) T A&Eo] Ut o|E Al FF
2 F8 7]5& otdl Table 1.29} #Zth ESC AlxH®lo] F3 F =3 A
F Sholl Al At F|ajef Aol HAHZQ] FIS A% FFEA HAS
A zdolug olF AlA FFo 7Wg vk A5 AFAg-e nj

- T 83it.

Table 1.2 ESC sensor and its function in conventional ESC system

Item Figure Function
Wheel speed

Wheel speed measurement

sensor Wheel slip & vehicle reference

(active type) speed estimation

Steering angle = Driver’ s steering intention

sensor detection
(absolute angle) = Desired yaw rate calculation

= Vehicle yaw rate measurement

= Road surface estimation
Yaw rate & . e
= Desired yaw rate modification
= Longitudinal G-sensor is

integrated

lateral G-sensor

= Driver’ s braking intention

Pressure sensor detection

= Road surface estimation
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Table 13& ESC Alzdlol 888 3§ AN@EE A4, 2374
WA, 88 WA, HEE AN, OF 313 A9 22
5o 54¢ nelzth @49 4838 ESC Azde 2o A7

2R AE AFARe] A% WElbody)e] AF = A% FARe 7}

S

4

T} 8 &(yaw rate)s SAHstY slazS AlLbste AoiHas AH
FaL Qlo] 2E AIZE A 2 stFo Aitel o3 FAo o3 2
7] W&ol #atFo

Atk webA ofgel o] FstFs AR FHL

AT o] s X

ol

K
%0,
)

Table 1.3 Vehicle information applicable to active safety system
( From NTN Technical Review" )

Characteristic to

Response for

sensor

(change in )

(unsprung)

Sensor Mounting location i

be detected change detection

ABS sensor
Vehicle velocity (wheel speed | Hub Dbearing(axle) Real time
Sensor)
Steering angle Angle sensor Steering system Real time
Angular velocity | Yaw rate sensor | Onboard(sprung) Minor delay
Acceleration G sensor Onboard(sprung) Minor delay
Tire load Multi axis load Hub bearing .

Real time
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Figure 1.13 Comparison of sensor response
(From NTN Technical Review!” )
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Figure 1.14 Basic schema of intelligent tire
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Figure 1.15 Tire Force Sensing Hun Unit (JTEKT)
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Infinitesimal deformation | :
on outer ring i

Fy

Arithmetic operation
for load

¢

Fx = Longitudinal force Detection of forces on
Fy = Lateral force three axes (Fx, Fy, Fz)

< Fz = Vertical force ST
; Load detection algorithm

Figure 1.16 Load Sensor Integrated Hub Bearing(Left) and Load
detection scheme(right)
(From NTN Technical Review'” )

|
v

Fx

GEN2 GEN3

Drive ring Drive ring Driven ring

Flanged outer ring Flanged outer ring Flanged outer ring
Sensor mount Sensor mount q |

N

Structure

Knuckle side [T 1]

|| Wheel side|

| Inner ring |

Figure 1.17 Bearing types for load sensor-integrated hub bearing
(From NTN Technical Review'” )
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Table 1.4 Load sensor specification

(From NTN Technical Review” )

Characteristic Value
Longitudinal force : Fx
Detection load Lateral force : Fy
Vertical force : Fz
Fx +10kN
Detectable load range Fy -4 ~ 10kN
Fz 0 ~ 10kN
Fx +5% Full scale(+1kN)
Targeted estimation
Fy +5% Full scale(£0.7kN)
accuracy
Fz +5% Full scale(+0.5kN)
Sampling frequency 300Hz
Response 30ms max
Subject of comparison for accuracy Six-component force transducer

4

Rol w02 Woly ARAAY NSKIN= Frhses S48 =

Ae tF AA B FUls Mdstded AL AlAe AHoRE 8&
AAET 100 ~ 150 msec #WE SHEHA S THITh(Figure 118 ~ 1.19
3 Z)



A unitized design that is compact and
incorporates and ABS sensor
(rotating speed sensor) and lateral
force sensor.

Figure 1.18 Multi-sensor Hub Unit (NSK)

—

ST — __.. - jimgle /chieves lateral force detection
i €D — Hubunit | e ‘ and is highly responsive;
% ==> Lateral force
_Vehicle yaw rate oeE
z / .
: ,
3 0
E
[}
ﬁ
| L Grip force in the lateral direction 042
| i Time. s 8 =) 10

Yaw rate, rad./s

—» 4— 100~150 ms

Figure 1.19 High responsive grip force in the lateral direction(NSK)
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Suspension/Steering
Modeling (ADAMS)

Suspension part characteristic test

ADAMS Half Car Test
- Compliance Map, Hard point,
Toe/Camber/Caster characteristics

Figure 2.1 Modeling process of vehicle dynamics with high accuracy
( Procedure: Measurement of 3D hard point of the vehicle and suspension
component characteristics test— suspension and steering system partial
modeling— Vehicle K&C data acquisition through Half Car Test simulation
— EMS and TCU Map modeling — full vehicle modeling )
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A AP mde FYshi, £ 94E AgEde] AHge FAssd)

Device Position Measured signal channel.
Front / Rear Wheel Force
WET. 4\Wheel (F,Fy,F2,Mx, My Mz) e
Brake pressure Fron\}V{’eRee‘ar Brake Pressure 4
Steeg\ggsg\ihee\ Steering Wheel Torque, Angle 2
Gyro-Platform . 3-axis Acc. yaw_vel',
RT-3000) Vehicle center roll pitch Angle 6
. Velocity (longtudinal,
GPS Vehicle center )\/atera% 2
. F/R spring 4 corner Load 4
Strain gauge
F/R damper 4 corner Load 4
Accelerometer Struzt?grrgrount 3-axis acceleration 12
DAQ 2| NVH:2000Hz, R& H:
(SOMAT) Back seat 200Hz
=5 Al 22 Al gy
MM AZ 01G~ 201G EAE 37h
o ESTe T HEAY Throttle off
{_Ig -E.A_"l 0.2G~ 2HS(0.1G A8 37h
Impulse Input 80KPH, Z3+2H(0.49)
Open Step Input (J-turn) 80KPH, Z824(0.4g), 33|
loop Steady-State (L-turn) 10, 20, 30, 40KPH
Sine Wave 60KPH, 60 deg, (0.5, 1.0Hz)
Closed  Single Lane Change 80 KPH
loop  Double Lane Change 80 KPH

Figure 2.2 Vehicle test for dynamic performance analysis
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Z(full-car) 2ol thdt Al E#FHolAdz Axt AE Holge Hlw BEAL

59 AgEde RISty A g0 BEd

Handling 04! & 2 & HZ (J-turn)

Figure 2.3 Verification of the vehicle dynamic model with test data
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d Ade}t vl Hriete A 59 RIS HEsTh

Figure 2.4 ~ 2.5& A% T9gnde] 53 E4 AFS 9% CarSim
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E AAAE Ao} vlaste BRoFa ok A 554 A 2

Bob 43 554 AY ADE awae A% a4 Ao A4 Aeel
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Table 2.1 Vehicle dynamic model verification :

coefficient of

correlation(r)
_ Sy oz ssE
Z(Qi_g)Q 2(2‘/1_5)2 S5T
Step steer(80km/h) Lane change(100km/h)
TS Yaw rate Roll angle Yaw rate Roll angle
r [%] 98.24 84.64 94.98 94.05
— Simulation
5 — measurement 11 — Simulation
—_— measurement
—_— & e 0
:g, 54 g -1
o @ 21
2 154 >
e o _3]
-204
T v 1 ] -4 T T T T T T v
0 5 10 18 20 25 5 0 5 10 15 20 25 30
Time[sec] Time[sec]

Figure 2.4 Vehicle dynamic model verification result with respect to
Step Steer Input(80km/h)
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104
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-104
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—— measurement
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]

T T 3 T T J
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Time[sec]

Roll angle [deg]

— Simulation
— measurement

0 2 4 & 8

10 12 14 16 18

Time[sec]

Figure 2.5 Vehicle dynamic model verification result with respect to
Lane Change Input(100km/h)
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2.2 A% T4 A8 HIL

2.2.1 A% 3 AAHAY HIF I

g & SREALES B45] fste] 2.1-dA st A5
e TSt rds &85l oluf el & AL E Hulstes AE
HFH (vehicle test maneuver)©. 2+ NHTSA9] Sine with dwell maneuver

o] wtt} $EAF AeB AW AA AzEe] H5HNE dleho]

-

ooFst Aol EE JQe=d(Table 2.2 %) 1% Sine with

dwell maneuvers= NHTSAo|A <Wdzte] A3 Eo] /&3t ESCAHS A

i
o
f
A
=)
1o
=y

MVSS 1269} +H 2] ECE R13Hol =A% o gl e}, 1849

Sine with dwell maneuvere] W= 23S 80km/h && 80km/hE oF
1 2Fete £E2 ZFo|Y AlF flo]l EFEF8(coasting)= ARl F
Figure 2.63} o] =& = X(steering robot)S o] &3] % A& 3t
o} olu] %3 & S(steering frequency)= 0.7HzZ A sta, Ho =&
ZH(highest steering wheel angle, 0)2 270° ¢} 6.5x¢,,, & & #o=2 T

ot o714 4,5 SISSlowly Increasing Steer) Al@S T3l F7t&%rt

0.3g° =8 wfjo] =& 3ot
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Table 2.2 Vehicle test maneuver, performance index and criteria for

intelligent chassis control system evaluation(source

for UCC test)

: KATECH Report

Chassis system

Test Maneuver

Performance index

Criteria

High-g swept

Understeer gradient

5.67 deg/g (+2deg/s)

Single Sine Wave

steer
Common Test Step input Yaw rat¢ Tesponse < 180 ms
time
L Peak yaw rate
Braking in turn Delta 3.5 deg/s
_ Lateral >1.83m @ 1.07sec
displacement(Respon L
. after steering input
siveness)
ESC . Sine With Dwell <35% @ 1.0sec after
(Electronic yaw rate steering input finish
Stability . .
ratio(Stability) 9
Control) y £204).@ .1.75SGC. after
steering input finish
Fish hook Wheel lift S0mm Hift from road
surface on two wheel
CDC Bump Passin Max. pitch angle, |Comparison with targetf]
. p g pitch rate vehicle
(Continuous
Damping , . Comparison with target|
Control) Single Sine Wave| Max. Rolll angle vehicle
Max/Min Steering |Comparison with target]
EPS Catch Up wheel motor torque vehicle
(Electric Power ) , . . .
Steering) Successive Max/Min Steering |Comparison with target]
Steering Torque |wheel motor torque vehicle
Split-mu Braking Max. yaw angle, [Comparison .w1th target]
yaw rate vehicle
UCC ) ) ,
ified Chassi Split-mu Max. yaw angle, |[Comparison with targef]
Unifie assig Accelerating yaw rate vehicle
Control)

Max Steering wheel
motor torque

Comparison with target
vehicle




Time

Steering Wheel Angle

=3

Figure 2.6 Steering input in Sin with Dwell

Maneuver

Sine with dwell maneuver= o] 21(2-1), (2-2)9} Zo] FHZFF
(understeer) =4S #3}=  Responsiveness Criteriond} 3o =&k

(oversteer) 54-& Isl= Lateral Stability Criterione] o™, ESC=

ol g W Qo "t HFARI BE JVES TSt of gt
Responsiveness criterion(understeer 54) :
1.07
Lateral displacement = [/ a,c ot)dt = 1.83 [m] 2-D
0
A7NA a5 FF FAFAS F71EE(ateral acceleration)E Ve

Wk abF FASAY FWd Wt 2FYY 1072 Fo 1.83m(6ft)
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ojfololof stm, 18 A X W AFS AP EFA AdH. o=

E W 917F 1.83m(6ft) ool Hol HolEs
A% Aoz, A7IA 1.07x== 3/4
sinusoidal Z&FYgeo] 2P d

kol A2kE]7] A9 s=xkolr]

ZEL
1.83m(6fHE A=) 125k BA YT

Lateral Stability criterion(oversteer 54) :

(t,+1.00) (t, +1.75)
707><100 < 35%, AR 100 < 20% (2-2)

’ype ak ’Ypeak

AN Vs Ypear» b = A L8&(yaw rate), H oL &(peak yaw rate),

%% 98 FZ A 7Htime to steering stop)S YERATH %& Yo &

r

¢ 5 127t d 319 887 AP Foll dolAe HdasY He
5%t AU Zrorok gt} WA 35% Hu AW e A B4
Addt. 2 o] ¥4 F 17527 B =31 283 HHLge
Hl= 20%9F 2 AY Zolof it} 7+ 20% Hoh W 2AFE Age] &
dA AgdEd. ole =FYY F 10xe 175%9 S8 &¥l(yaw rate

ratio) s Agg o2 z}FFo] A ol(spin-out) A &l AA AAHA

ol

S AT YA Aty Y& 7]FZolth

— 49 — "fi'l'1



222 A% 52 A4 4 B}

Sine with dwell maneuverell 283 o) z=3&FZH(highest steering wheel
angle, )< T3}7] 98] AAAE oA YA 3] (steady state cornering) 3H

Ao TP A 93 e AA FHddA £55 2T 4km/h

& o 03g FUtEEd t&ste =Y
53l Tt (Figure 2.7 ~ 2.8 =) m2bA] sine with dwell maneuver
of A8 HuhZEFZ s 270° 9 6.5%4,,,(=230.75 °) F LHoZ A

Ao Z A7 HE §=270° 2 AAIHT)

200
E
= 150
=
£
B /
S 100
o
-
3
= 50
’ //

0 ——
0 50 100 150 200
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Table 2.3 Vehicle model simulation results analysis for the sine with

dwell maneuver

lateral displacement at 1.07 sec

) =1.83 3.63 Pass
[Global Y coordinate, m]
yaw rate ratio at ‘¢, +1.0" [%] <35 99.7 Fail
yaw rate ratio at “¢,+1.75’
<20 82.1 Fail
[%]
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Table 3.1 ESC simulation results analysis for the yaw rate control

lateral displacement at 1.07 sec

) =1.83 2.80 Pass
[Global Y coordinate, m]
yaw rate ratio at “t,+1.0" [%] <35 0.362 Pass
yaw rate ratio at ‘¢, +1.75°
<20 0.038 Pass
(%]
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Table 3.2 ESC simulation results analysis for the yaw rate control with

time delay

lateral displacement at Al
1.07 sec >183]331 | 331 | 3.27 | 3.26 | 3.31
) passed
[Global Y coordinate, m]
yaw rate ratio at All
<35 | 1.88 | 1.92 | 2.67 | 1.48 | 54
‘t,+1.07 [%] passed
yaw rate ratio at All
. <20 | 0.08 | 0.06 | 0.10 | 0.60 | 3.34
t,+1.75" [%] passed
g () ﬂ_]
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New ESC based on wheel
lateral force

Measurement of the lateral
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Figure 3.18 New ESC
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Table 3.3 ESC simulation results of the two control algorithm

lateral displacement at
1.07 sec =1.83 2.80 2.99 6.8
[Global Y coordinate, m]

yaw rate ratio at

<35 0.362 0.39 7.7
‘t,+1.0° [%]
yaw rate ratio at

<20 0.038 0.003 -92.1
‘t,+1.75° [%]
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Wheel lateral force
Parameter Yaw rate control
control
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P-gain 401.08 6.5
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Table 3.5 Brake input comparison between yaw rate control

and wheel force control

FL 8.955404192 9.888290409

FR 6.117731137 7.151154511

RL 7.405784986 5.934561038

RR 5.333514643 4.837770934

Total 27.81243496 27.81177689
e AR
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Figure 4.1 Conventional ESC system scheme
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Table 4.1 CAN protocol design(Auto Box -> ECU) : 0x3A0

706 | 5 a3 ] z2] 1] o0
56 | Control Mode RR_TgPrs (High)
48 RR_TgPrs (Low)
40 RL_TgPrs (High)
32 RL_TgPrs (Low)
24 FR_TgPrs (High)
16 FR_TgPrs (Low)
8 FL_TgPrs (High)
0 FL_TgPrs (Low)

Table 4.2 CAN protocol design(HCU -> Auto Box) : 0x2A1

7 6 S 4 3 2 1 0
56 WHEEL_RR_SPD (HIGH)
48 WHEEL_RR_SPD (LOW)
40 WHEEL_RL_SPD (HIGH)
32 WHEEL_RL_SPD (LOW)
24 WHEEL_FR_SPD (HIGH)
16 WHEEL_FR_SPD (LOW)
8 WHEEL_FL_SPD (HIGH)
0 WHEEL_FL_SPD (LOW)
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Figure 4.3 Test vehicle settings for the ESC algorithm

vehicle performance evaluation
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Figure 4.4 Data flowchart for the ESC algorithm test
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Figure 4.5= 8.& Ao duelFe Az H7FE 9% ESC Simulink =
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Table 4.3 Test equipment specifications

Equipment Model Specification Maker
DAQ Module DEWE-501 | Och analog Cicﬁ bridge 2ch | peetron
GPS FLEXG2-V?2 Reacquisition : 20Hz, Accuracy NovAtel
: lcm +1ppm
MicroAutoBox 1401/1?05/150 4CAN, 2RS232, 16ADC, 8DAC dSPACE
Brake pressure | p oy og0kE 20 MPa KYOWA
Sensor
Wheel Force Swift 6J15 X.Y.Z +23KN MTS
Transducer
Max Torque 70Nm
Torque knee point 60Nm at
. 1500° /s AB
Steering robot SR60 Max Speed 2500° /s at up to| Dynamics
30Nm
Motor Mass 9kg
Monitoring S/W DEWESoft Ver 7.0.3 Dewetron
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Figure 4.9 GPS/RTK for measuring exact vehicle speed and
position(Base on left figure, equipped test vehicle on right

figure)
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Figure 4.11 Vehicle test results under ‘yaw rate control’ vehicle
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(a) Steering input (b) Vehicle speed (c) Lateral wheel force

(d) Brake pressure (e) Yaw rate (f) lateral acceleration
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Figure 4.15 Response characteristics of yaw rate and
wheel lateral force on front wheel obtained from the
vehicle evaluation test applied with sine with dwell

maneuver and lateral wheel force control
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Table 4.4 ESC intervention and brake pressure results according to

the control methods

Wheel .

Yaw rate comparison
lateral force
Performance control (b)-(a)/(a)
control
(a) x 100
(b)
ESC intervention frequency
. 4 2 -50.0
[times]
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Table 4.5 Common ESC hydraulic specification(Source : Daimler

Chrysler Common ESP Hydraulic Specification)

Friction Brackehnrgaiter Control CTEE?I |

Module coefficient | Frequency yinde time Ontro
L] pressure Is] time
H [bar] [s]

ESP_VA1l 0.4 600 0 7.2 4320
ESP_TA1l 1.0 200 10-50 0.5 100
ESP_TA2 1.0 200 10-50 0.5 100
ESP_TA3 1.0 20 20-110 0.5 10
ESP_TA4 1.0 20 20-110 0.5 10

Total 1040 4540=1.26h

Sine with dwell maneuverol] W& 23} A|FoA F3PLE == 80km/hE

ARot IR AFE vhsh gol FYAYY P A g weld
of, A 2H2E YHEE 03g7h HE 2F2e 2500} HE 237

o2 Arg3tY. olgA ¢43tE Modified sine with dwell maneuvero
2 AAY As ESC AsAx wet B481A ga xpeke] 3
Ase dEsts Al 88, 889 ¥, AW - H4& IVtEE T S8/
< A wlwste] Ao EFE FA sk

Figure 4.183% Table 4.6 ZtZte] Alo] o] W& Aol 8§ W3}

~ 123 — 'f . '_E.



£ Ho=Foh 1/2 Sinusoidal ZFFYUY &< Ho 888 HWH ofFH
Aoz 2 w] 20.45deg/s, 2& AloJoA 19.5deg/s, AWTF AstE A
oA 17.65degls= UEN} Fe HatE: Aost ag Aoing o
95% FAE Aow Ut 23AY T8 F 12 AHoAH 2§ W
7t ohmd Aojzt e W 1.20% 88 AojelAl 0.63% W BiE
AolelA 003%2 Uent Fge PebE Aozt 2§ Aojmuc dg
95.2% 49 AT epdoh

Figure 4.199} Table 4.7& Ztz+e] Ao} 1

L

of whe Awkel 7}

MslE Holzth 2499 S HY HEEE BE olRd Aozt

i
4

L
a

< W& 28 AojolA 0.67g, FHEF HstF AoolA 0.64g2 e
gy AatE Aoyt 2 Aolnoh ek 45% FA4E T Ve
o HA FUEEEE ofbFd Aorh glE W -0.79g, &8 AoA -
0.76g, W3k Aa}E AojdA -0.71g2 e} e FaE Aor}t
28 Aojro N 6.6% FFH EFH7} JeEbTh

:l'u 5 R
- 124 - Al =T1TH !



25

20 ".\-

------ No control

-==Yaw rate control

——Wheel lateral force control

A

i’“‘u..«-

Yaw Rate [deg/s]

Time [s]

Figure 4.18 Resulting yaw behavior according to the control

methods

Table 4.6 Yaw rate results according to the control methods

Maximum Yaw rate
in initial half sine 20.45 19.50 17.65 -9.5
input[deg/s]
yaw rate ratio at
1.20 0.63 0.03 -95.2
‘t,+1.0° [%]
o R A2
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Figure 4.19 Resulting lateral acceleration behavior according to the

control methods

Table 4.7 Lateral acceleration according to the control methods

Maximum lateral
) 0.67 0.67 0.64 -4.5
acceleration [g]
Minimum lateral
. -0.79 -0.76 -0.71 -6.6
acceleration [g]
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Ref(t) :

Ref(0) Ref(t-2)
------------------- . ! ! Optimization i

‘ l A0 | Nl Process !
Opt(t-2) Y . |

' ; Nol |

( ! Meet constrai |
Opt0) 5 ’

i Yes i

T=0 T2 T THD i
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Mazimize L(z, ,u, ) (5-D
xfk = F(a;t’k,ut,k) (5-2)

ut,k,min = Uy i, = ut7l<:7max and Autfk.min = Aut,k: = Aut,kr,max
(5-3)

(5-4)
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x : state variable

u : design variable

t : time

k : iteration number

L : cost function(roll angle, side slip angle, delta yaw rate)
A : gradient of input

t : time step

B, : final iteration number in each time step

A2 e 2% d¥oR FHHEH o

P

< A A E &
S (reference yaw rate)2 ZTAATH T3 xpgo] ek obAHA S 2}
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minimize L(5(t;)) (5-5)
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Figure 5.2 Optimization algorithm flow chart for worst case

development

A E2¢ " H(Deterministic method)3 %A # <l
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5.6 Comparison of analysis results according to the
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Figure 5.8 Comparison of analysis results according to the worst
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Table 5.1 ESC simulation results for the worst case scenario

lateral displacement at
1.07 sec >1.83 1.79 1.54 -14.0
[Global Y coordinate, m]

yaw rate ratio at

<35 10.33 0.04 -99.6
‘t,+1.0" [%]
yaw rate ratio at

<20 0.539 0.005 -99.1
¢ * o [%]
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Table 5.2 Path departure distance results for the worst case
scenario

path departure distance

3.89 0.09 -97.7
[m]
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Figure 5.14 Comparison of analysis results according to the

worst case steering input (5) : yaw angle

Table 5.3 Yaw angle results for the worst case scenario

yaw angle [deg] 12.18 8.17 -32.9
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Table 5.4 Path departure distance results for the sine with

dwell maneuver

path departure distance

0.53 0.19 -64.2

[m]
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Table 5.5 Yaw angle results for the sine with dwell maneuver

yaw angle [deg] 17.25 12.26 -28.9
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Abstract

A Study on a Vehicle Stability Control based

on Wheel Lateral Force

Chang Hyun Jeong
School of Mechanical and Aerospace Engineering

The Graduate School

Seoul National University

As strengthening safety regulations in most advanced countries,
new cars have being required to equip ESC, Electronic Stability Control,
system which is being regarded as the most essential device for driving
safety, recently. ESC system that secures cornering stability of a vehicle by
wheel slip control based on torque managements of both engine and brake
systems provides drivers with safer driving conditions such as avoiding an
accident in extremely dangerous situations. Therefore, not only sensitive
responses of vehicle sensors for accurate judgments of vehicle status
but also precise controls of actuators for ensuring vehicle stability are
required. Most commercialized ESC systems have limitations in extreme
conditions because of structural delays of calculation and responses caused

by conventional estimating mechanism of vehicle status based on vehicle

3§ 3 -1
~ 165 — A = L



speed, yaw rate, and steering input, etc. There have been several studies
to develop an advanced ESC system based on a direct measuring
technology of wheel forces in accordance with the increased interests
in overcoming the limitations.

In this study, performances of an advanced ESC system based on
wheel force measurement and the conventional ESC system based on yaw rate
are compared in response time differences. Simple algorithms for those
systems are also suggested and analyzed with a development of a precise
analytical model of a target vehicle in vehicle dynamic simulation
environments. Effectiveness of the suggested system and algorithm are
verified with a vehicle test based on a rapid control prototyping
platform. To examine the performance differences in detail, an
extremely worst test scenario based on a conventional test mode for
ESC system is suggested. Then, the effectiveness of the suggested
algorithm is evaluated and verified as well.

Main contributions of this study may be summarized as follows.

Firstly, it is quantitatively verified by analytic methods and
vehicle tests that response time and performance of the suggested ESC
system employing wheel force measurement technology are superior to
the conventional ESC system limited in improving performances due to
a fundamental sensing mechanism of vehicle yaw information including
structural delay from wheel dynamics to the yaw rate sensor that may
cause a lagged response.

Secondly, characteristics of NVH, Noise, Vibration and

Harshness, are improved by a marked decrease in activating rates of

T o
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brake control as the suggested ESC system stabilize the vehicle more
quickly. This improvement not only make drivers’ unpleasant feeling
better, but also meet the higher requirements of durability of ESC
system as increasing demands of ADAS, Advanced Driver Assistance
System, for premium vehicles.

Finally, a path departure distance and yaw angle are suggested
as novel performance indexes for evaluation of active chassis control
systems being advanced more and more such as a unified chassis
control and next generation electronic stability control, etc., as well as
the suggested ESC system employing wheel force measuring technology.
As analyzing both systems with respect to the suggested performance
indexes, the stabilizing performance of the suggested ESC system is

remarkably improved in the extremely dangerous driving conditions.

Key words: vehicle stability, over-steer, under-steer, yaw rate, wheel

lateral force, performance index, path departure distance

Student Number : 2005-30242
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Appendix

2 F9st 24 Ad

L. A% 9% 2dF

AFEdst s mdz AAY didxEe =W HARS] SUV(Sports

oft

utility vehicle, Figure Al ZFx)xgo =2 HF F-5(Front wheel drive), 5
@ AEHET] ZpFolty. 2o FHY EAS A Feste A

H(powertrain)ol] gk 71z R} HdxpgdF mdyo HQ3h

i

FL X
gelstr] 9t 2] AY BAS FheATE tdAEFS F
Aol 47]1%F 2.2L 9A AR zFo =z HiE" 158ps/4,000rpm, FHUIE
= 36kgm/2,000rpme] A< Wrh A AES AFEL WyEs AEg
(Macpherson strut), &2 HWE|HI(Multi link) ®2]o]c}(Table Al %+

%)

AdEA e ojo] zFe] AT FEAFo Z FFS VA= @V~
gl(suspension) E@P-S FP3Ht SF=ERJIE 33d SAHE Sk
o= Thd 2R FE o 3xd FA7|IE o] &3tk Figure A2+ i

A AN 2Rl 778 mdde] WR SJEIIAE 24 YL

g3l o]ZREl 3D model HoHE FEHMUHe HAHS HoE=)
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Figure Al. Target vehicle(2.2L diesel
engine, FF type driveline, 5AT)

Table Al. Target vehicle specification

ltem Specification
Length (mm) 4,675
Width (mm) 1,890
Height (mm) 1,725(1,795)
Tread - front (mm) 1,615
Tread - rear (mm) 1,620
Wheelbase (mm) 2,700
Weight (kg) 1,815
Engine type 4cy121'r?clfervgir<£sel,
Engine volume (cc) 2,188
Maximum power (ps/rpm) 158/ 4,000
Maximum torque (kg *m/rpm) 36 / 2,000
Drive type FF
Transmission 5 AT
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Figure A2. Scanning work of the 3D hard-point for the
vehicle suspension system(upper figure) and scanning

results(lower figure)

:l'l
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Sub-Frame Wheel

Spring

Trailing Arm

Strut
Damper

Figure A6. Basic full car modeling (SW : ADAMS.Car)
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Figure A7. Longitudinal vehicle dynamic model

(A-D

(A-2)

W ecosh+ hsind)

W
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o Aule A E, L& =H(wheelbase), 0

I Figure A8}
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Figure A8. Measurement of the relation between steering wheel

angle and wheel steer angle

£
ag3 AV 2E mdS o] 83 HbxtEkhalf-car) Al B o)AL E3
£

S8l wdeld b F4® WM F Ul AAzEY

Uzt 5 A28 233 @AxpEH(full-car) 59285 L CarSim SW
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kA& o A4 WOT(Wide Open Throttle) 2 7143+ Ho]E| S o] &3] af 4]

Zdo] HEns B,

o

Figure A9 ~ All2 CarSim SW &% EREUHE xFRdo A=k
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All dimensions and coordinates

r : are in millimetars
A
Heightfor
animator: 1250
1] Lateral coordinate of mass center: Lateral coordinate
Wyidlth for of hitch
animator i—' 1179.48 —'Fl ,U—
Mass center of sprung mass
1790 B '
_ 621 ‘
Left Right & Left Right A\ o
332 a2 |~ | 7 wE |
5 h 4 v A h 4
Sprung mass
coordinate systermn < 2705 >
—
< 1 0 L

The inettial properties are for the sprung mass inthe design configuration, with

no additional loading

Sprung mass 1778 kg

Follinettia (bod | 846451 kgm2
Pitchinertia )| 333487 kgem2
“aw inertia (lzz) 3360.09 kgrma2
Product [lxyj 1 kg-m2
Praduct (bz) i kg-m2
Praduct (2. 0 kgrm?2

T“ {

When this is checked, more detailed math models are used

r

Kinematics

Naminal steering gear ratios
Front [MIRN __deq/(deg or mm)
Rear; 16.47 deg/(deg or mm)

Road-Wheel Steer vs. Geared-Down Input Steer

Rear steering: Steer Gain vs. Speed
No Rear Steenng

The steering of the wheels is determined by properties of
both the steering systern and the suspension. This library
assembles the properties of the steering system.

[«

Nonlinear functions combine with nominal gear ratios to
define the kinematical relationship between the steering
‘wheel angle from the driver and the road wheels

Right front wheel: Steering kinematics v Right rear whes!: Steering kinematics v
Linear l" Linear |v| Compliance effects are defined by nonlinear torque (at
the kingpin] vs. steer tables.
Leftfrant wheel: -Steermg kinematics bl Left rear wheel. Steering kinematics * The KinaRings ety ioreach Whasl ffecis e tolel
Linear 'I Linear |' torque around the kingpin (steering axis). This torque
= causes compliance steer and also defermines the
Compliance ! torque felt by the driver atthe steering wheel.
Front complinice: Stoering complionce: 4 Rearcomplisnce: Stesring compliance ¥/
SUV-01002 deg/N-m ‘,l SUV-0.002 degiN-m |v| Kingpin lateral offset: Positive when the wheel center is
outboard of the kingpin exis atthe whesl center height.
Speed-Sensitive Ground-Friction Steer Torque Side view D"ﬁEiPDBiliVE‘ when the wheel center is
. X re: d of the kingpin axis at the wheel center height.
Right front wheel - Right rearwheel v Do £ epn e kel U
Compliance effects are reduced below this speed to
’ prevent numerical instabilities:
Leftfrontwheel - Leftrear wheel "l Front Bar
15 15 kmjh
Kingpin Geometry Steering wheel torque |'| Frant View Side View
1420 v Ki
mclllr:':l:;l: Caster angle e,
Lefi-Frant Right-Front Left-Rear Right-Rear angle (L7 g
Lateral ofiset @ center. 7362 7362 100 100 mm " { 5%
Kingpin inclination| 1303 1303 8 & deg ! =
¥ coord. of KP @ center. -1 -1 0 [i] fmm Kingpin '“':f':: >
oftsel
Caster angle: 4714 4714 1 1 deg T

Figure A9.
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Mass and Inertia

Unsprung mass (both sides): 1326 E]

Spin inertia for each wheel:
Right

Left
] ] kg-m2

Kinematics Based on Jounce

Left Right
-] [ 10 I 10 mm

| Specify jounce at design load

Wheel Dive Movement Due to Jounce

Leftwheel dive (caster change): Dive table | Right wheel dive (caster change): Dive table hd
CM Front Spin angle Ver 1.0 Analysis v CM Front Spin angle Ver 1 DAnalysis |+
1810
Leftwheel X Longitudinal Movement v Right wheel X Longitudinal Movement -
‘Wheel centers CM Front Longitudingl Ver.1.0 Analysis |v CM Front Longitudinal Ver.1.0 Analysis |v!
3445
L)
’ f
Sprung mass ongin
Diransions and in millimetars Wheel Roll Mmmanl Due to Jounce
Vil oottt Leftwheel camber. Camber | Right wheel camber. Camber -
suspension center 0 mm CM Front Camber Var.1.0 Analysis Iv CM Frant Camber Ver.1.0 Analysis |vi
Lett wheel lateral (-Y): Lateral Movement | Right wheel lateral {+): Lateral Movement  w|
Note: M Front Lateral Var 1.0 Analysis ]-' CM Front Lateral Ver 1.0 Analysis [+
No roll center location is specified
because the location and movement of
the roll center are implied by the
kinematic data.
Static Alignment Settings
Left Right Toe (S!eer? Due to Jounce
Camber -05 -05 deg Leftwheel toe: Toe S Right wheel ioe: Toe !
Tos) 0 0 deg CM Front Toe Ver 1.0 Analysis [+ CM Front Toe Ver 1.0 Analysis [+]
Mass and Inertia Kinematics Based on Jounce
Unsprung mass (both sides): 1286 @J Left Right
5] i t ol load hi 10 10
Spin inertia for each wheel: | pecy iounce el deslgnos Il l I L
Left Right
a g kg-m2 Wheel Dive Movement Due to Jounce
Leftwheel dive (caster change): Dive table | Rightwheel dive (caster change): Dive table |
CM Rear Spin angle Var.1.0 Analysis | CM Rear Spin‘angle Yer1.0 Analysis |vl
1607.09
Leftwheel X Longitudinal Movement v| Rightwheel X Longitudinal Movernent |
Wheel cenlers CM Pear Longitudinal Var 1.0 Analysis |v| CM Rear Longitudinal Ver.1.0 Analysis |v|
t
Sprung mass ongin T
Dimensions are in millimeters Wheel Roll Movement Due to Jounce
teiial chbrdinaterat Leftwheel camber. Camber - Right wheel camber. Camber |
suspension center: 0 mm CM Rear Camber Ver1.0 Analysis |v CM Rear CamberVer.1.0 Analysis |-|
Leftwheel lateral (-Y): Lateral Movement V| Rightwheel lateral (+Y}: Lateral Movement |
Note: CM ReerLateral Ver.1.0 Analysis [+ M Rear Latersi Ver 1.0 Analysis =
Nao roll center location is specified
because the location and movement of
the roll center are implied by the
kinematic date.
Static Alignment Settings
Left Right Toe (Steer) Due to Jounce
Camber. -1.0 -1.0 deg Leftwheeltoe: Toe b Rightwheel toe: Toe -
Toe: 01 01 deg Ch Rear Toe Ver.1.0 Analysis |v CM Rear Toe Ver1.0 Analysis |v|

Figure AlO.

Input data for vehicle modeling with CarSim SW (2/3)
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Vertical Force [~ Use tire force table Animator Settings

Effiective rolling radius: 350 mm Tire wiclth: 20 o]
Spring rate: 200 N/mm The effective rolling radius is also
Meximum allowsdforee:] 123760 N used to scala the animated wheel,

Tire verical force is proportional to the tire radial
deflection, and characterised by a spring rate.
The effective rolling radius relates forward
speed to angular spin,

gl

W Use custom animator description

{

Animator: STL Group b
Small SUV [+
The animator description should be for awhael on the

left-hand side of the vehicle, (Itis automatically flipped
when used on the righthand side.)

Rolling Resistance '(”“””B"Ua" z e Dynamic Properties
; « g - A
Fx_tr = Fz* Rr_surf* (Rr_c + Rr_v*Vx) -l plane Tire spin moment of inertia (sdded to the spin
Brc I—.U[H = TheX.Y. Z axes inerlia of the wheel): 0 kerm?
define the tire/ground
Rr_w: .0ogozs hikm coordinate system ‘Wheel spin axis
Tire Lag
Shear Forces and Moments Center of Tire Tire force or moment
Madel Option Contact (CTC)
| Intetnal Tire Model -] Fx. Mx =
Longitudinal force: Tire: Fx i : I:h J |
shp (3l 8 I
N R A I Valoity of CTO ; ‘
Laleral force: Tire: Fy = ¢ 3L -» Distancerolied
CM 235/65R17 Fy |+
LforFx: 55 mm
Aligning moment Tire: Mz v Lfor Fy and Mz: 565 mm
CM 235/56R17 Mz |-|
i The models use modified equations to simulete tira
Camber thrust v lag et speeds below this threshold.
Canstant @ 60 |'| Cubalispeed: 5 Krivh
Shg;}; force (resisting comp.) (M) Rale (mmysec), Force ()
e I = [1500.0.-4149.63 al
i L~ -1200.0.-3364.83
1500~ i i I 1 -1000.0, -2786.04
! /‘,/ -600.0, -1824.66
= 1 -300.0,-1147.77
1000 L -100.0, -745.56
/,/ -55.0, -441.45
500~ T 56.0.147.15
P 100.0. 255.06
300.0. 539.55
g 600.0.814.23
1000.0. 124587
i 1200.0, 152055
1500.0, 193257
1000~ 4
1500~ - - e
7
_./'/
-2000- =
-2500-
-3000-
3500~ A
150~ ' ' ' ' - ' ' 1 | \ | \ | '
-1500  -1200 -1000 -800 -600 -400 -200 0O 200 400 600 @00 1000 1200 1500

Shock compression rate (mm/s)

Figure All.
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2. WExF AAAE

A =Gt &Kol 2 ZH E(gyro-platform) AH|E o] &3t xpzF F4]4
Aol 3% ek 7lEEol Q S(yaw rate), =2ZHroll angle), 3 ZH(pitching
angle)2 A=Zstgt. ¥t = %7 AlA|, GPS(Global Positioning

Sensor), ZEdQlA01A], 7IEE AA 5L AX3te] AT FTAAS

EQE AT § AEZ Y Th Table A2 F8 =4 23 2 AlA
EAS Figure Al2= Ao Ax3 =4 44 2 golg IS &

X DX o5 RAAF3 Qi

Table A3 tidAE 554 AP 7 dEES BT AT A=
o ek EAS B793% AlPoZ J-turn, Lane-change, Slalom 5&
XYk

Figure A13& FHIE vl A HFo g 54 APS Fd3te 25
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& BfETh AANFE ABAR

i

ATHe REFEAS AP E(proving

o
ground)oll 4 A A3kt Figure Al4E= A3} dlolg o & HojFEh

Table A2. Instrumentation for target vehicle dynamic characteristics

during the vehicle driving test evaluation and measured signals

Equipment Position Signal ch.
Front/Rear Wheel Force
WEFT. 28
4 Whee (Fx,Fy,Fz,Mx,My,Mz,V)
Front/Rear
Brake pressure Brake pressure 4
4 Whee
Steering Wheel .
Steering Wheel Torque, Angle 2
Sensor
Gyro-Platform ) 3-axis Acc., yaw rate,
Vehicle center o 6
(RT-3000) roll angle, pitching angle
) Velocity
GPS Vehicle center . 2
(longtudinal, lateral)
Front/Rear sprin
pring axial load 4
) 4 coner
Strain gauge
Front/Rear damper )
axial load 4
4 coner
Strut top mount . .
Accelerometer 3-axis acceleration 12
4 coner
DAQ NVH : 2000Hz
Rear seat -
(SOMAT) R &H : 200Hz
Total 62 ch.
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Accelerometer

DAQ & gyro—plaﬂorm

spring & damper force

Steering wheel sensor

Brake pressure

Figure A12 Vehicle driving test device installation for dynamic

characteristics evaluation of the target vehicle

Table A3 Target vehicle dynamic characteristics evaluation items

Evaluation items

Procedure

Open loop

Impulse Input

80km/h, Steering(0.4g)

Step Input (J-turn)

80km/h, Steering(0.4g)

Slalom

80km/h

Sine Wave

60km/h, 60 deg (0.5, 1.0Hz)

Closed loop

Single Lane Change

80 km/h
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Figure Al4. Vehicle test data
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3.

ol

A% sostrde] A5

ol A AW AF TR JAE B AP HA5] 945

o Ax FPA P} FU3 Al =7 A Pulse Steer, Step Steer, Lane

Change, Slalom 948 Wol a1 FasAT. o AhE A T4
9 Axel Mm Bkl AP FAGRD S AT

Figure Alse 2 Fd3Rde] T4 54 H5< 91 CarSim =29

A=A g o]El(Pulse Steer, Step Steer, Lane Change, Slalom)&} 1ol
AR E AAAE AR} vluste] HoFa ok thAAF 5
A Aol Ax FEAHA AY AFE vuwdE A3 A A=

el F54e Az & Wgsta e & F ANeH, d=
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15+ —— Simulation
40 — measurement
10
204 w
> & 7]
D )
=, 04 O, 0
< 2
= 5 5
& 204 id
E -104
A0 151
-60 : T T T - 20 : T - ; -
o ] 10 15 20 25 0 5 10 15 20 25
Time [sec] Time[sec]
(@ (b)
—— Simulation e Bl
—— measurement 34 — measurement
] 24
5 =
£ © 14
& =
@ © |
8 o °
%] =4
= ALl
3 g
m -
® -2
-
0 5 10 15 20 25 0 10 15 20 25
Time[sec] Time[sec]
© (d)

Figure A15. Vehicle dynamic model verification result with respect to
Pulse Steer Input(80km/h)

(a)Steering input (b)Yaw rate (c)Lateral acceleration (d)Roll angle
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= Simulation
— measurement

201 5
0
# )
— E>)
= @ -5
D
T 201 %
< T -101
% 40 &
Z 151
>—
60 -204
o : 10 15 20 25 0 5 10 15 20 25
Time [sec] Time[sec]
(@ (b)
0.4 —— Simulation 11 —— Simulation
— MEadsurement — Measurement
G
c 0
2 =
© @
b = -1
8 QL
o
Q
< & 21
® s
o x 3]
= 3
23
0 5§ 10 15 20 25 N T T T T S ]
5 8] 5 10 15 20 25 30
Time[sec] Time[sec]
(© (d

Figure A16. Vehicle dynamic model verification result with respect to
Step Steer Input(80km/h)
(a)Steering input (b)Yaw rate (c)Lateral acceleration (d)Roll angle
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1504
100+
i
T, 504
S o
w
=504
-1004
0 2 4 6 8 10 12 14 16 18
Time [sec]
(@
—— Simulation
— measurement
— 1.0
2
s
= 0.5
o
@
g oo
<
®
3 -0.5
@
—
-10+—— : - - : - : . 3
0 2 4 6 8 10 12 14 16 18
Time[sec]
(©)

Yaw Rate [deg/s]

Roll angle [deg]

— Simulation
—— measurement

T T T

——T
C 2 4 6 8 10 12 14 16 18
Time[sec]

(b)

—— Simulation
— MEasurement

44
24
04
24
-4 T
0 2 4 B8 8 10 12 14 18 18
Time[sec]
(d

Figure A17. Vehicle dynamic model verification result with respect to
Lane Change Input(100km/h)
(a)Steering input (b)Yaw rate (c)Lateral acceleration (d)Roll angle
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—— Simulation

1 —— measurement
150 104
100 - . o0d
== ) 1
o 504 g 104 l
h=) B; ]
o 0
< o 0
< [ 2 i
W -50 o -104
:
-100 > =204
-150 =30
v T . T T T ¥ T ¥ T > T ¥ 1 T T T T T T 1
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Time [sec] Time[sec]
(@ (b)
—— Simulation —— Simulation
1 — Mmeasurement — measurement
— 1.0+ 4
e
5 @ 2
= ] g
o =
]
= (]
3 5. 9 N
Q =
< ©
= T 9
8 i
©
=3 1 4
-1.5 y T T T T T 1 r - r T T T J
0 10 20 3 40 S50 €0 70 0 10 20 30 40 50 60 70
Time[sec] Time[sec]
(©) (d

Figure A18. Vehicle dynamic model verification result with respect to

Slalom Input(80km/h)

(a)Steering input (b)Yaw rate (c)Lateral acceleration (d)Roll angle
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