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ABSTRACT

 In this thesis, we study the vehicle stability and maneuverability 

issues using the direct yaw moment control (DYC) technique. The 

proposed scheme employs the sliding mode control (SMC) design and the 

reference yaw rate selection approach so that the vehicle not only 

maintains its stability but also achieves allowable maneuverability. For a 

2-DOF linearized vehicle model, this thesis provides both time varying 

and time-invariant reference yaw rates, which are shown from simulation 

to be able to realize the maneuverability as better as possible and keep the 

vehicle under stable operation. We also extend the results to the reliability 

issues when the vehicle experiences actuators’ outage. Besides, the DYC 

scheme is also employed to investigate the stability when vehicle drives 

on �-split road. Simulation results demonstrate the benefits of the 

proposed scheme. 
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1.1

 

40% 80km/h 100km/h

spin out 160km/h

[1]  

 spin out side-slip angle

[2]

�-split

SAE [3] 2

4

AVEC

[1] 10

packed snow

ABS Anti-lock Braking System TCS Traction 

Control System slip ratio
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1980 Vehicle Stability Control VSC

[4]

Vehicle Stability Control VSC TOYOTA, LEXUS Dynamic Stability 

Control DSC BMW, Mazda Electronic Stability Program ESP Audi, 

Chrysler, Mecedes, VW StabiliTrak BUICK, Cadillac AdvanceTrac Ford, 

LINCOLN Vehicle Dynamics Control VDC NISSAN [5]

Bosch Electronic Stability Program ESP

[6] ESP

ESP ABS TCS

Yaw Moment Control

yaw rate

[5]

ESP

 Yaw Moment Control

differential braking

[5], [7]-[8]  

   1. 4WS

   2. DYC Direct yaw control  

DYC
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ESP

 

 

1.2

[8]-[10]

Yaw Moment Control

Sliding Mode Control SMC actual 

value of the yaw rate reference yaw rate

 

 

reference yaw rate

 

 

Electric Vehicles

EVs internal combustion engine

ICE EVs [11] [12]-[13]

(1) (2) (3)

EVs ICE

ICE Yaw Moment Control

ESP  
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 EVs sensor

SMC Reliable 

design [14] reference yaw rate

�-split

SMC �-split

�-split

SMC  

d�

�

f�

ˆ ˆ , � �

�

1.1 � �

SMC
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1.3

Magic formula 2-DOF

7-DOF reference 

yaw rate

2-DOF

�-split
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2

2.1

sliding mode control SMC

uncertainties Robustness [15]-[21]

Linear 

quadratic regulation LQR �� [22]-[24] sliding mode control

SMC [20] quadratic cost function

Hamilton-Jacobi

Hamilton-Jacobi LQR ��

power series [25]

Hamilton-Jacobi Robustness

uncertainties

sliding mode control SMC

SMC

Robustness Hamilton-Jacobi

SMC
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2.1.1

(sliding mode control SMC) variable 

structure control VSC 1960 Filippov

sliding surface

sliding mode SMC

( ) C
s x x (2.1)

x

2
, 0T � �� 
s s s� �� � (2.2)

p
�� � p - p -norm [26]

(2.2) reaching condition [27]

reaching condition  

 
1 ( )
2

T Td
dt


s s s s�

2

2

1 ( )
2

d
dt


 s

2 2

d
dt


 �s s (2.3)

(2.3) (2.2) (2.4)

2 2 2

d
dt

�� � 
s s s (2.4)
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(2.4) (2.5)

2

d
dt

�� 
s (2.5)

2
( ))ts(x �


( ))ts(x ( )) 0t 
s(x ( )tx

� �

2.1

2.1

(2.2)

sliding mode

2.2
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2.2

sgn

chattering

high frequency unmodeled parts

2.3

2.3 chattering

[28]

sliding layer

quehigh fregh eqghhi
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2.4 sliding layer

Saturation Function Hysteresis Function  

Hysteresis Saturation Function Sign 

Function  

 

 

2.1.2

[27], [29]-[31]

(2.6 (2.7

( ) ( )o oG
 �x f x + x u� (2.6)

1

2

y
y
� �


 � �
� �

y (2.7)

nR�x mR�u 2R�y ( ) n
o R�f x

( ) nxm
oG R�x
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( )
1
( )
2

( ) ( )
p

q

y
G

y
� �


 � � �� �
� �

f x x u d (2.8)

1

2

( )
( )

( )
f
f
� �


 � �
� �

x
f x

x
1

2

( )
( )

( )
G

G
G
� �


 � �
� �

x
x

x
  1

2

d
d
� �


 � �
� �

d

1y 2y relative degree p q 2: nR R�f 2: n xmG R R�

x ( )G x full row rank d

external disturbance 2
,��d 0� �

reference 

output dy d�y y

(2.9 (2.10

1

2
d

e
e
� �


 
 
� �
� �

e y y (2.9)

( 1) ( 2)
1 ( 1) 1 2 1 1 11
( 1) ( 2)
2 ( 1) 2 2 2 1 22

p p
p

q q
q

e a e a e a es
e b e b e b es


 





 




� �� � � �� �

 
 
� �� � � � � �� �� � � �

s 0
��
��

�

�
(2.10)

0ia � 1, , ( 1)i p
 
�   0jb � 1, , ( 1)j q
 
�  

 

 0 1
 �u u u  (2.11)

0u 1u

0u (2.12)

0
s� (2.12)
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1
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s
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s
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( ) ( 1)
1 ( 1) 1 2 1 1 1
( ) ( 1)
2 ( 1) 2 2 2 1 2

p p
p

q q
q

e a e a e a e
e b e b e b e
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1 1 0 1 ( 1) 1 2 1 1 1

( ) ( 1)
2 2 0 2 ( 1) 2 2 2 1 2

( ) ( )
( ) ( )
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d p

q q
d q

f G y a e a e a e
f G y b e b e b e
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( ) ( 1)
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( )
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q q
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�
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1 1 ( 1) 1 2 1 1 1
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q q
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 � � �
 � � � �� �� �

x
u x

x
�� ��
�� ��  (2.13)

1( ) ( ) [ ( ) ( )]T TG G G G� 

 
 � �x x x x ( )G x pseudo inverse

1u

1u (2.2) 2
, 0T � �� 
s s s� �� �

( ) ( 1)
1 ( 1) 1 2 1 1 1
( ) ( 1)
2 ( 1) 2 2 2 1 2

p p
pT T

q q
q

e a e a e a e
e b e b e b e
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2 2 0 1 2 ( 1) 2 2 2 1 2 2

( ) ( ) ( )
( ) ( ) ( )

p p
d pT

q q
d q
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(2.13 0u

1( )T T TG
 � � � �s s s x u s d�

1 22
( )T TG� � � � �s x u s d

1 2
( )T TG �� � � �s x u s 2

��d 0� �

(2.2 1u (2.14)  

 1
1

2

( + ) sgn(s )
 ( )

( + ) sgn(s )
G

� �
� �

� �� �

 
 � � ��� �

u x  (2.14)

 

1
1 2 2

2

T Ts s
� �

�
� �

�� �
� 
 �� � � �� � �� �

s s s�
� � � ����� �

�
� � � ����� �

1 1 2 2 1 2 1
sgn( ) sgn( ) sgn( )T s s s s s s s� 
 � � � 
 � 
s s

1 2
s s�

2 2 2 22

T T� � � � � � �� 
 � 
 
 � � 
s s s s s s s� �� � � �� � �

0 1
 �u u u (2.13 (2.14
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2.2 Magic formula

Magic formula [32]-[36]

pure longitudinal pure lateral

 

 

(1)  

 1 1
1 1 1 1 1 1( ) sin( tan ( ( tan ( ))))xi i i i if D C B E B B� � � �
 

 
 
    (2.15) 

 

 1 0C a
  (2.16) 

 2
1 1 2 0z z x zD a F a F F�
 � � � 
 �  (2.17) 

 52
1 1 1 3 4( ) a Fz

z zB C D a F a F e
 �
 � � � �  (2.18) 

 1 1 1
1

1 1

B C DB
C D


  (2.19) 

 2
1 6 7 8( )z zE a F a F a
 � � � �  (2.20) 

zF 0x� ( ) Magic 

Formula � slip-ratio 0a ~ 8a

[32]-[33] 2.1

 

 
xi

x
z

f
F

� 
 (2.21) 
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1 1
1 1 1 1 1 1( ) sin( tan ( ( tan ( ))))xi i i i i

z z

f D C B E B B
F F
� � � �
 

 



  

1 1
0 1 1 1 1 1( ) sin( tan ( ( tan ( ))))x z i i i

z

F C B E B B
F

� � � �
 
� � 
 


  

1 1
0 1 1 1 1 1sin( tan ( ( tan ( ))))i i iC B E B B� � � �
 

 � 
 
  

( )x i� �
  

0x� ( )xi i� � 0a ~ 8a 1D 1D

zF 0x� 0x�  

(2)  

 1 1
2 2 2 2 2 2( ) sin( tan ( ( tan ( ))))yi i i i if D C B E B B� � � �
 

 
 
 (2.22) 

 

 2 0C a
  (2.23) 

 2
2 1 2 0z z y zD a F a F F�
 � � � 
 �  (2.24) 

 1
2 2 2 3 4

5

sin tan zFB C D a a
a


� �� �

 � �� �� �� �� �� �

 (2.25) 

 2 2 2
2

2 2

B C DB
C D


  (2.26) 

 2
2 6 7 8( )z zE a F a F a
 � � � �  (2.27) 

zF 0y� ( ) ( ) Magic 

formula � slip angle

0y� ( )yi i� � 0a ~ 8a 2.1  (

0a ~ 8a ) 0a ~ 8a 2D
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2D zF 0y� 0y�  

 0a  1a  2a  3a  4a  5a  6a  7a  8a  

,xF N  1.65 -21.3 1144 49.6 226 0.069 -0.006 0.056 0.486 

,yF N  1.30 -22.1 1011 1078 1.82 0.208 0.000 -0.354 0.707 

 2.1 0a ~ 8a zF  in kN  

 

xif yif Magic formula

B C D E stiffness factor shape factor  

peak value curvature factor [34] 2.5  

 
2.5 Magic formula  

 

Magic formula

Magic formula

0a ~ 8a

Magic formula

curvature factorture
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0a ~ 8a

0a ~ 8a [36]

longitudinal stiffness cornering stiffness

normal force 0x� 0y� i.e., ( )x� � ( )y� �

0a ~ 8a 0x� 0y� 0 0 0x y� � �
 


0� � )( ixif � )( iyif �

 

0� 0a ~ 8a

� (2.28)  

 
0

:R �
�


 (2.28) 

0� �  

(1) ( � � �xi if � �� �xi if � )  

 ' 1 1
1 1 1 1 1 1( ) sin( tan ( ( tan ( ))))xi i i i if R D C B E B B� � � �
 

 � 
 
� (2.29) 

 

(2) ( � � �yi if � �� �yi if � )  

 1 1
2 2 2 2 2 2( ) sin( tan ( ( tan ( ))))yi i i i if R D C B E B B� � � �
 

 � 
 
�� (2.30) 

 

0 1� 
 [36]  
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2.6 2.7 xf ( N ) � slip-ratio yf

( N ) � slip-angle 3.188 ( )zF kN
  

 

2.6 Magic formula

 

2.7 Magic formula

Magic fo u aMagM
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2.3

yaw plane f�

2-DOF 7-DOF

2.8

flrl

tl

f�

xv

yv v

�
�

1xf
4xf

2xf
3xf

1yf

2yf
3yf

4yf

tl f�

x

y

2.8

CG center of gravity

x y v xv

yv x y � yaw rate ; 

� side-slip angle fl rl

tl 1,2,3,4

front-left , front-right , rear-right , 

rear-left  

�

f

2 8

xv
�

f 3xfx

��
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2.3.1 2-DOF

2-DOF single track [37] 2.9

single track (2.30) (2.31) [38]

y yma F
 (2.31)

2 sin 2 cos 2y xf f yf f yrF f f f� �
 � � 

(2 sin ) (2 cos ) (2 )z xf f f yf f f yr r zI f l f l f l M� � �
 � 
 �� (2.32)

zM

ya lateral acceleration

2.9 single track  

xv

f� i.e., sin f f� �
 cos 1f� 


ya ( )y xa v � �! �� (2.31)

(2.32)

cceleration
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1 (2 2 )yf yr

x

f f
mv

� �
 � 
�  (2.33)

 
1 (2 2 )yf f yr r z

z

f l f l M
I

� 
 � 
 � ��  (2.34)

tire cornering 

stiffness (2.33) (2.34) 2-DOF

C yf
�


 (2.35)

yf �

yff yrf

( )x f
yf f f

x

v l
f C

v
� �

�
�


 
 
 (2.36)

( )x r
yr r

x

v lf C
v
� �



 
 (2.37)

(2.35) 2-DOF [38]  

(2.38)  

 

2

2 2

(2 2 ) 2 2

2 2 2 2

�
�

f r r r f f

x x

r r f f f f r r

z z x

C C l C l C
mv mv

l C l C l C l C
I I v

��
��


 �� �

 �� �� � � �� �
� � � �� �
 
 
 � �� � � �

� �� �

�

�

2
0
1

2

f

x
f z

f f
z

z

C
mv

M
l C

I
I

�

� �
� �� �
� �� �� � � �� �
� �� � � �

� �� �

(2.38)

fC rC
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2.3.2 7-DOF

7-DOF 2.8 [39]

4

1

0 0
0

0 0 1 0

xi i yi i

xi i yi i
i

z zi

mv c s f c f s
mv s c f s f c mv
I M

� � � �
� � � � � �
� 



� � � � � � � �
� � � � � � � �
 
 � � 
� � � � � � � �
� � � � � � � �� � � � � � � �

 
�
�

�
(2.39)

,  1,..., 4w xi i
i

w

R f T i
I

� 


 
� (2.40)

( ) ( ),  1,.., 4zi xi xi i yi i yi xi i yi iM l f c f s l f s f c i� � � �
 
 � � 


c s cosine sine cosc� �
 sini is� �
 m

zI wI the moment of inertia wR

� � T wheel angular speed

steering wheel angle brake/drive torque xif yif

1 2 f� � �
 


3 4 0� �
 
 1 4x x tl l l
 
 2 3x x tl l l
 
 
 1 2y y fl l l
 
 3 4y y rl l l
 
 
 [39]

xif yif (2.15) (2.22) Magic formula

1 1
1 1 1 1 1 1( ) sin( tan ( ( tan ( ))))xi i i i if D C B E B B� � � �
 

 
 
   

 1 1
2 2 2 2 2 2( ) sin( tan ( ( tan ( ))))yi i i i if D C B E B B� � � �
 

 
 
  

(2.15 (2.22) � � wheel slip-ratio

wheel slip-angle [39]
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" #
,   1,..,4

max ,
w i

i
w i

v R i
v R
��
�




 
 (2.41)

1

1

tan ( )  ,   1,2.

     tan ( )      ,   3,4.

f
f

i
f

l v s
i

v c
l v s

i
v c

� �
�

�
�

� �
�







� �$

 � 
% �%
 & 
 �% 
% �'

(2.42)

0i� ( i acceleration

0i� � i deceleration

[40]  

kg m 1300 

m fl 1.25 

m rl 1.25 

m l 2.5 

m tl 0.8 

m wR 0.3 

�� � zI 2000 

�� � wI 0.6 

N/rad fC 54053 

N/rad rC 54053 

2.2
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3

 ( )

[11]

neutral steer behavior

reference yaw rate d�  

 x
d f

v
l

� �

 

(3.1)

xv l f�  

 

actual value of the yaw rate �

reference yaw rate d�

d� �


under-steering behavior

over-steering behavior

[41]
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3.1 !"��#$%&'(&)$*+,+-.�

[42] 2-DOF

d�

[38] (3.2)

11 12 1

21 22 2

dd
f

dd

a a b
a a b

��
�

��
� � � �� � � �


 �� � � �� � � �
� � � �� �� �

�

� (3.2)

 

11 12 12

(2 2 ) 2 2 2
1f r r r f f f

x x x

C C l C l C C
a a b

mv mv mv

 � 



 
 
 � 

 

 
2 2

21 22 2

2 2 2 2 2r r f f f f r r f f

z z x z

l C l C l C l C l C
a a b

I I v I

 
 



 
 

 

(3.3)

 

(3.2) Laplace transform  

 11 12 1d d d fs a a b� � � �� 
 � � � � � (3.4)

 21 22 2d d d fs a a b� � � �� 
 � � � � � (3.5)

s Laplace variable

(3.4)

12 1
11

1 ( )
( )d d fa b
s a

� � �
 � � � �

 (3.6)

(3.6) (3.5) 21
22 12 1 2

11

( ) ( )
( )d d f f

as a a b b
s a

� � � �
 � 
 � � � � � �



2
11 22 11 22 21 12 1 21 2 11 2[ ( ) ( )] ( )d fs a a s a a a a b a b a b s� �� 
 � � � 
 � 
 � 
 � � �
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(3.7

2 1 21 2 11
2

11 22 11 22 21 12

( ) ( )
( ) ( ) ( )

d

f

s b s b a b a
s s a a s a a a a

�
�

� � 
 �




 � � � 
 � (3.7)

(3.7

2

1 21 2 11 1 21 2 11

211 2211 22 21 12

11 22 21 12 11 22 21 12

1
( ) ( ) ( )

( ) 1( ) ( ) 1
( ) ( )

d

f

b s
s b a b a b a b a

a as a a a a s s
a a a a a a a a

�
�

�
� 
 � � 
 �


 �
�� 
 � 
 �

� 
 � � 
 �

 

(3.8)  

 2

( ) 1
( ) 1 ( / ) (1/ )

d R
R

A A A

s T sG
s T D s D s

�
�

�




 �
 (3.8)

  

 
1 21 2 11

R
A

b a b aG
D




 (3.9)

 
2

1 21 2 11
R

bT
b a b a




 (3.10)

 11 22AT a a
 � (3.11)

 11 22 12 21AD a a a a
 
 (3.12)

(3.9)-(3.12)  

1 21 2 11
2

2( )
2

� �� � ��� �� ��x x
R

r r f fA us x
x

f r

v vb a b aG m l C l CD l k vl v
lC C




 
 



 �
� �

f rl l l
 �

2 2

11 22

(2 2 ) (2 2 )
� � � �� �

f r f f r r
A

x z x

C C l C l C
T a a

mv I v
� �


 � 
 
 


 
2 2

11 22 12 21

4 2 ( )
� � � �

f r x r r f f
A

z x

C C l mv l C l C
D a a a a

I m v
� 



 
 
  

RG steady state  
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AT AD  

0AD � � 2( )
0

2
r r f f

x
f r

m l C l C
l v

lC C



� � �
 

 2 0us xl k v� �  (3.13)

  

 
2

fr
us

f r

llmk
l C C
� �


 
� �� �
� �  

(3.14)

under-steer gradient [43]  

0usk � 0usk 
 0usk (

usk [11]

 

[44]-[47] lateral velocity

yaw rate  

 1 )( )
1

�maneuverability
d s

s
�

�
	



�

 (3.15)

1( ) 2
x

maneuverability f
us x

v
l k v

� �
 �
�

 2( )
2

x
f

r r f f
x

f r

v
m l C l C

l v
lC C

�
 �



�
 

(3.16)

	 time constant s Laplace variable  

1 ( )maneuverability� d�

side-slip angle  
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1� 25m/s 90km/hr change lane

f� 3.1(a) 3.1(b) 3.1(d) � d� f�

0.8rad/sec 1�

SAE

[3] max 2� 
 ) 0.0349/sec 3.1(c)

1 ( )maneuverability�

3.2 Mz 5000Nm

3.1 change lane d� 1�  
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3.2 Mz d� 1�  

 

3.2 !/��0-$*,+-.�

 [9]-[10] d�

( )1� stability�

2-DOF (3.17)  

 

2 cos( ) 2

2 cos( ) 2

yf f yr

x

f yf f r yr z

F F
mv

l F l F M

�
� �

� �

�$

 
 �%

&
% 
 � 
 � �'

�

�
(3.17)

zM � d� � (3.18)  

 
2 cos( ) 2yf f yr

d
x

F F
mv
�

� �
�


 
 �� (3.18)
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d� [10]  

 ( )

2 cos 2
1�

yf f yr
stability

x

F F
k

mv
�

� �
�


 � (3.19)

( d� )  

 k� �
 
�  (3.20)

k strictly positive  

[9] 2-DOF [38]

( )1� stability� 2-DOF (2.38)

2

2 2

(2 2 ) 2 2 2
0
1

22 2 2 2

�
�

f r r r f f f

x x x
f z

f fr r f f f f r r
z

zz z x

C C l C l C C
mv mv mv

M
l Cl C l C l C l C I
II I v

��
�

��


 �� � � �

 � � �� � � �� � � � � �� � � �
 � �� � � � � �� � � �
 
 
 � �� � � �� � � � � �

� �� � � �� �

�

�

 )( )
1
1��stability

d s
s

�
�

	



�
(3.21)

 2 ) 2

2
2( )��

f x
stability f

x f f r r

C v
mv l C l C

� �
 �
� 


(3.22)

zM � d� �   

d� �
 side- slip angle dynamic (3.23)

(3.20)  

 
(2 2 )f r

x

C C
mv

� �

 �


�
 

(3.23)

2� 25m/s 90km/hr

change lane f� 3.3(a) 3.3(b) 3.3(d)

� d� f� 0.26 rad/sec 3.1(b)
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� 0.8 rad/sec 2� d�

2� max�

3.3(c) 3.4 ( )1� maneuverability�

d�

3.5 Mz 8000Nm

 

3.3 change lane d� 2�  
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3.4 (� ) 

 

 

3.5 Mz d� 2�  

  

� )(�� )3.4
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3.3 weighting

 3.1 3.2 d� 1 ( )� maneuverability�  

( )1� stability� 1 ( )� maneuverability�

side-slip angle  

( )1� stability�

 

 

[13] 1 ( )maneuverability�

( )1� stability�   

 1( ) 2( )(1 )d maneuverability stability� * � * �
 � � 
 � (3.24)

0 1*� �  

 

* 1 * 0

weighting 0 1

�-split low-�  
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3.4 weighting  

 weighting

2-DOF

(2.38)  

2

2 2

(2 2 ) 2 2 2
0
1

22 2 2 2

�
f r r r f f f

x x x
f z

f fr r f f f f r r
z

zz z x

C C l C l C C
mv mv mv

M
l Cl C l C l C l C I
II I v

��
�

��


 � 
� � � �

 � � �� � � �� � � � � �� � � �
 � �� � � � � �� � � �
 
 
 � �� � � �� � � � � �

� �� � � �� �

�

�
 

� d� �  

 2

(2 2 ) 2 2
( 1 )f r r r f f f

d f
x x x

C C l C l C C
mv mv mv

� � � �
� 



 
 � 
 � �� (3.25)

1 1 fk� �
 � (3.26)

 2 2 fk� �
 � (3.27)

3

2 f
d f

x

C
k k

mv
� � � �
 
 � � � � �� (3.28)

 
(2 2 )f r

x

C C
k

mv
�



 

(3.29)

 1 2 2 2

2
2 ( )

f r xx

us x f r x r r f f

lC C vvk
l k v l C C mv l C l C


 

� � 


(3.30)

 2 2

2
2( )

f x

x f f r r

C v
k

mv l C l C



� 

(3.31)

3 2

2
1 �

r r f f

x

l C l C
k

mv




 
 � (3.32)

k 1k 2k 3k ( xv )  
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(3.24) (3.25) �  

3 1 2

2
[ (1 ) ] f

f f
x

C
k k k k

mv
� � * * � �
 
 � � � � � 
 � � � ��

3 1 2 3 2

2
[ ( ) ]f

f
x

C
k k k k k k

mv
� * �
 
 � � � 
 � � �

 3 2

2 f

x

C
k k

mv

 
 �  

 3 1 2( ) fk k k k� � * �
 
 � � � 
 �� (3.33)

 3 1 2( )h k k k
 

 

 fk h� � * �
 
 � � � ��
 (3.34)

3.4.1 3.4.2 (3.34) �

 

3.4.1 weighting  

 �  

 ( )

0
(0) ( ) ( )

tk k t
fe h e d h y t� 	� � * � 	 	 *
 
 

 � � � � � � 
 � �+ (3.35)

0)0( 
� (3.35)

(3.36)  

 ( )

0
( ) ( )

t k t
fh e d h y t	� * � 	 	 *
 

 � � � � 
 � �+ (3.36)

( )

0
( ) ( )

t k t
fy t e d	 � 	 	
 

 � �+ (3.37)  
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 ( )fy k y t�
 
 � ��  (3.37)

(3.38)  

 
( ) 1
( )f

Y s
s s k�


�  

(3.38)

max max� � �
 � �  

( )f t� maxmax
( )y t y


 

 max

maxh y
�

* 

�  

(3.39)

3.4.1.1  change lane

25m/s 90km/hr

change lane f� 3.7(a) (3.37)

maxy 3.6 h 6.6737h 
 
 max 0.0349� 


max 0.01094y 
 (3.39) 0.478* 
 3.7(b) 3.7(d)

� d� f� 0.52 rad/sec 3.7(c)

max� 3.8 Mz

6000Nm 3.9 3.10 1�

2�

1�
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3.6 maxy  

3.7 change lane d�  
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3.8 Mz d�  

 

 

3.9 d�  

d� d�
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3.10 d�  

 

 

3.4.1.2 change lane

 ( )f t� ( )y t

25m/s 90km/hr 3.9(a)

(3.37) maxy 3.11 h 6.6737h 
 


max 0.0349� 
 max 0.02195y 
 (3.39) 0.2382* 


3.12(c) 3.13

Mz 12000Nm 3.12(a) 3.12(b)

change lane change lane
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change lane

3.4.2

 

 

 

3.11 maxy  
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3.12 change lane d�  

 

 

3.13 change lane Mz d�  

c ��� dchange lane
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3.4.2 weighting  

 3.4.1

 

unit-step response  

(3.34)  fk h� � * �
 
 � � � �� (3.40)  

 k u� �
 
 � ��
 (3.40)

 

0u u
  0u
k

( )f t�

u max� ��

max max� � �
 � �  

 

 max�

max� (3.40) (3.41)  

 max0 k u� �
 
 
 � ��  (3.41)

(3.41)  

 *
max fk h� * �� 
 � �  (3.42)

(3.42)
 

 
* max

( )f

k
h

�
*

� ,
�



� �  

(3.43)

,  

, ��23  
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, f�
**

** ,

** (3.44)

0 1 (3.44)  

 *min{ ,1}* *
  (3.44)

** (3.43)  

 
 

3.4.2.1  change lane

25m/s 90km/hr

change lane f� 3.14(a) (3.44)

3.15 0.43 1 �

d� f� 0.5 rad/sec 3.14(b) 3.14(d) 3.10(c)

max� �

0.034 rad/sec 3.16 Mz 5200Nm 3.17

3.18 1� 2�

1�  
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3.14 change lane d�  

 

 

3.15  

ch d� ddange lane
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3.16 Mz d�  

 

 

3.17 d�  

M d�Mz
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3.18 d�  

 

3.4.2.2 change lane

change lane

5 3.19

30m/s 108km/hr 1 f�

3.20(a) (3.44) 3.21 0.32

1 � d� f� 0.45 

rad/sec 3.20(b) 3.20(d) 3.20(c) max�

� 0.345 rad/sec 3.22

Mz 6000Nm 3.23 3.24

1� 2�

1�  
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3.19 -5m/s  

 

 

3.20 change lane d�  
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3.21 change lane  

 

 

3.22 change lane Mz d�  

 

e lanehangge lchch
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3.23 change lane d�  

 

 

3.24 change lane d�  

  

enge lanehanch
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3.4.2.3 change lane

 3.4.1.2 ( )f t�

25m/s 90km/hr

3.25(a) 3.20 0.232 1

� d� f� 0.73 rad/sec 3.25(b)

3.25(d) 3.25(c) max�

3.28 change lane

0.4rad/sec

0.24rad/sec ( )f t�  

3.25 change lane d�  
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3.26 change lane  

 

 

3.27 change lane Mz d�  

 

change la
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3.28 change lane d�  

 

 

3.29 change lane d�  

  

ch d�change lane
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3.4.2.4  J J-turn

25m/s 90km/hr

J J-turn f� 3.30(a) (3.44)

3.31 0.35 1 �

d� f� 0.56 rad/sec 3.30(b) 3.30(d)

3.30(c) max�

3.32 Mz 7100Nm 3.33 3.34

1� 2�

1�

1.45 2

d� 3.27 J X-Y  

 

3.30 J-turn d�  

X YX-YX



54 

 

 

 
3.31 J-turn  

 

 

3.32 J-turn Mz d�  

 

 

 

rn
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3.33  J-turn d�  

 

 

3.34  J-turn d�  

3.33 d�3 rn J-tur
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3.35  J-turn X-Y   5 YXJ -Yturn
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4

4.1

 

actuator

[52]

weighting i.e.,

[2]

[1]

low-�

�-split
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4.2

4.2.1 Output Tracking Formulation

7-DOF 2.3.2 1 2 3 4[ , , , , , , ]v � � � � � �
x

1 2 3 4[ , , , ]T T T T
u y �
 (2.38)-(2.39) �

multi-input and single-output, MISO

MISO y u 2  

( ) ( )G d� -
 � � �x x u�� (4.1)

( ) R- �x 4
1 2 3 4( ) [ ( ), ( ), ( ), ( )]G g g g g R
 �x x x x x d

(4.1) ( )- x ( )ig x

Magic formula (2.14) (2.21)

(4.2)-(4.7)

1
1 1 1 1 1( ) [ tan ( )]i i i iB E B B. � � � �

 
 
 (4.2)

1
2 1 1( ) tan [ ( )]i iC. � . �

 (4.3)

2 2
1 1 1 2 1 1 1

3 2 2 2
1 1

cos( ( ))[(1 )(1 ) ]( )
(1 ( ))(1 )

i i
i

i i

B C D E B E
B

. � �. �
. � �


 � �



� �
(4.4)

1
1 2 2 2 2( ) [ tan ( )]i i i iB E B B. � � � �

 
 
 (4.5)

1
2 2 1( ) tan [ ( )]i iC. � . �

 (4.6)

2 2
2 2 2 2 2 2 2

3 2 2 2
1 2

cos( ( ))[(1 )(1 ) ]( )
(1 ( ))(1 )

i i
i

i i

B C D E B E
B

. � �. �
. � �


 � �



� �
(4.7)

1,.., 4i 
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(4.2)-(4.7)

1 2( )=D sin( ( ))xi i if � . � (4.8)

3( )= ( )xi i i i
d f
dt

� . � �� � (4.9)

2 2( )=D sin( ( ))yi i if � . � (4.10)

3( )= ( )yi i i i
d f
dt

� . � �� � (4.11)

(2.38)-(2.39) (2.40)-(2.41) ( )- x ( )ig x

4

1

3 3

1 ( ) { ( ) ( ) }

          ( ) ( ) ( ) ( ) }

xi xi i yi i i yi xi i yi i i
iz

xi i yi i i xi yi i xi i i i

l f s f c l f c f s
I

l c l s l c l s

- � � � � � �

� � . � � � � . � �




 
 � � � � � 
 �

� � � � � 
 � �

 x � �

� �
(4.12)

3
1 ( ) ( ) ( )i xi i yi i i ui

z

g l c l s
I

� � . � �
 � � �x � (4.13)

1,.., 4i 


2

2

 if  0

               if  0

w w i w xi
i

w
xi

xi
i

w i w i

I R v R f v
I v
f vv

R I

� �
�

�
� �


$ �%%
 &
% 
 (
%'

�

�
�

 (4.14)

 
2

         if  0

  if  0

w
i

w
ui

i
w w i

R
I v

v
I R

�
�

�
�

$ �%%
 &
% (
%'

�  (4.15)

 

2

2 2

2 2

( )
 if  1, 2

( ) ( )

( )                  if  3, 4.
( ) ( )

f f f

f
i

r r r

f

v l v s l v c l c v
i

v c l v s

l v s l v c l c v i
v c l v s

� � � � � � �
�

� � �
�

� � � � � � �
� � �

$ 
 � � � � 
 � �

 
%

� � � �%
 &
� � � � 
 � �% 
% � � 
 �'

� � ��

�
� � �

 (4.16)
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4.2.2  

Reliable Control Passive

Active

(actuator)

Fault Detection and Diagnosis FDD

(2.38)-(2.39) reliable output 

tracking issues  

 FDD

degradation

amplification outage [19]

FDD  

 H F H

F (4.1)  

 ( ) ( ) ( )H H F FG G d� -
 � � � � �x x u x u�� (4.17)

[  ]T T T
H F
u u u ( ) [ ( ) ( )]H FG G G
x x x k

H R�u 4 k
F R 
�u

1k / (equivalent 

control) ( ( )) 1Hrank G 
x  [30] FDD

ˆ Fu F0u  
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Fu (4.18)  

 ˆF F F
 �0u u u (4.18)

 

 de � �
 
 (4.19)

SMC 0e� (4.17)

2  

 1s e c e
 �� (4.20)

1c  

(4.17)-(4.20)  

 1ˆ( ) ( ) ( ) ( )H H F F F ds G G d c e- �
 � � � � � 0 � 
 �x x u x u u ��� � (4.21)

 

reaching condition  

4.1 ( , )t� x ( , )F FG d t��0 � �u x  

2.1.2  
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4.2.3 FDD  
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i i i i
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 � 
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0ia �  

residual signal (4.25)  

 ,   1,.., 4i i ir i� 1
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4.3 weighting

Magic formula

( )ya v � �! � � � (4.26)
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(4.31)

30m/s 108km/hr change lane

weighting f� 4.1

1d� �
 10� 
 1 1c 


1u saturation function boundary layer 0.1

0.001	 
 (4.31) 0.5618
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4.2 4.3 0.1745

 

4.1 change lane  
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4.4.1  change lane

30m/s 108km/hr change lane

f� 4.4(a) 0.576 change lane 

1.5 RSMC

SMC RSMC SMC

RSMC 4.4(a) residual signal

1.5

�6768 9 i=1,..,4

alarm 4.5 SMC

1� RSMC

1� RSMC

0.32 rad/sec max� 0.1745 rad/sec

RSMC max�

4.5 RSMC change lane

27m/s 30m/s 28m/s 30m/s

4.7

SMC

RSMC

4.8 / 1.5 /

RSMC

1�

750Nm 500Nm  
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4.9
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4.5 change lane 1.5
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4.4.2  change lane packed snow  

20m/s 76km/hr packed snow

change lane packed snow 0.35

4 [1], [34] f� 4.12(a)

0.326 change lane 1.5

RSMC SMC RSMC

SMC RSMC 4.11(a)

residual signal 1.5

�6768 9 i=1,..,4

alarm 4.12 SMC

1� RSMC 1.7

RSMC

packed snow 4 0.0698 

rad/sec 4.13 20m/s

0.4m/s

4.14 SMC
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4.15 / RSMC

10 4.16 4.15

RSMC 1.5 /

RSMC
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4.5 �:-split
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(3.14) under-steer gradient

[42]  

 

( ) O

R O

[34],[50]

 

 
1

f f rR
� � �� � �  (A.1)

xv

ya

2

2 2 x
y yf yr

vF f f m
R

� � � �  (A.2)

0� �� (A.3)-(A.5) (A.2)  

 yf f ff C �� �  (A.3)

yr r rf C �� �  (A.4)

 2 2y f y r
z f f f r r

x x

v l v l
I C l C l

v v
� �

� �
� � � �	 
 	 


� � � � � �� � � �

 � 
 �

�  (A.5)



89 

 

(A.6)

2

2

2

2

xr
f

f

f x
r

r

vlm
C l R

l vm
C l R

�

�

� 	 

� �� � �� �� 
 �

�
	 
� � �� ��

 ��

(A.6)

(A.6) (A.1)

 
21

2 2
f xr

f
f r

l vlm m
R C l C l R

�
	 


� � � �� �� �

 �

 (A.7)

l

2 yff

2 yrf

f�

x

O

fv

rv

f�

r�

R

 

(A)   

 

(A.7) l R

 

 

 



90 

 

r
f

lm
l

� f
r

l
m

l
� [41]   

 
1
2

f r
us

f r

m mk
C C

	 

� �� �� �


 �  
(A.8)

usk  

 

(1) Neutral steering 0usk �  

(A.6)-(A.7)

 

 

(2) Under steering  0usk �  

(A.6)-(A.7)

 

 

(3) Over steering   0usk �  

(A.6)-(A.7)

 

 


	9812575 正式稿(logo)
	87-90

