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Abstract : This paper presents an integral action-based model predictive fault-tolerant control algorithm for four-wheel
independent steering vehicles with multiple constraints. The model predictive control algorithm was designed for calculation
of four-wheel independent steering angles with physical and fail-safe constraints. To compute the realistic steering angles,
boundary constraints for the wheel angle limit and inequality constraints for the wheel angle change rate were applied to the
control algorithm. An equality constraint with a proper countermeasure for wheels in failure was designed for fault-tolerant
control. Integral control inputs were added to the model predictive control input using the yaw rate error for the convergence
property of the yaw rate error. The proposed algorithm was developed in a Matlab/Simulink environment, and the
performance evaluation was conducted using a commercial software under the assumption that faults can be detected and the

faulty wheels are locked when the steering system fault occurs.

Key words : Model predictive control(’22 o= A]o]), Integral action(%]3- #]©]), Independent steering(5 7 =),
Multiple constraints(th% A 2F3=7), Fail-safe( 117 ¢F4), Fault-tolerant control( 1273 &]-& #] 1)

Nomenclature Oine.i : integral controlled front/rear input (i=1, 2, 3, 4), rad

" : yaw angle, rad Spocking,i - locked front/rear input (i=1, 2, 3, 4), rad
. : tat
P : yaw rate, rad/s ‘ f:rror - ‘e htin £

. . : t t 1
Yyeniae - yaw rate of vehicle, rad/s " 1npu. we.lg 08 ac. o
¥ : desired yaw rate, rads F, ;, :longitudinal force (i=1, 2, 3, 4), N

des . > 1=
Ly : distance between front axis and center of gravity, m £y :lateral force (=1,2,3,4), N
l, : distance between center of gravity and rear axis, m m + mass of vehicle, kg

_ - total wheel angle, rad L : wheel base of vehicle, m
51 - driver wheel input, rad A : rotational inertia of z-axis, kgm2

dyi . 2]
A6,,; :controlled front/rear input (i=1, 2, 3, 4), rad b : track tread, m
5upt, . MPC controlled front/rear input (i=1, 2, 3, 4), rad Vg + longitudinal velocity, /s

v, : lateral velocity, m/s

“A part of this paper was presented at the KSAE 2020 Fall Conference and Exhibition

“Corresponding author, E-mail: oks@hknu.ac.kr

I'his is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License(http:/creativecommons.org/licenses/by-nc/3.0) which
permits unrestricted non-commercial use, distribution, and reproduction in any medium provided the original work is properly cited.

493


https://crossmark.crossref.org/dialog/?doi=10.7467/KSAE.2021.29.6.493&domain=http://journal.ksae.org/&uri_scheme=http:&cm_version=v1.5

M- YaUE -

.2

o AR F3) kA3l AJ(ESC) R B WEH
(Torque vectoring) ¥} - 22| 5™ A5 R 3] <t
A GRS g vhFe AlA] 7ol AN AL
o &5 Z%K(Rear Wheel Steering, RWS), 45 = ¢
3K(4-Wheel Independent Steering, 4WIS) & T}Fsk =
A|2=BE o] &3 Alo] A7t T E AL vk 53] 4
5 ek A 2EE Al 2Fo] Zh= Ao A Ie dF
izt Feg 3 Axte] A3 Fo 7eH o <ls)
d 7] A 2 A 7SS E A v VS e =
= T 3] Al Ar]2E o
= Ho|7] el A} o= iy
T lom A Ao AT v
< 54 wlitel B e T3 Aol A 7o b &
HI7Fole& = vk ol2lgh 7| A& 23 Al ~Hle] &
g Aol & 918k vhekgk Ao

N O oNE E o [N 3O

SRS
7 AT % Aol MEY A L A9

2
ot~
f
k
g,
£
v
2
©

ol
Mo = do
oZ

o

=2 > & oo
OE m}l_{
2 of 2 & ool

o~
o
2
o
>
(3
f
of
==
[
)
)
ol

o
PHOFOF
ol

N
M
o NIy

2 |g oo O o
)
2
k4
K
i
o
2
2
o
32
jant
2
ol

Moo N @ 2l o rlo
M lo 4® m
:I;,“
tu o o

=
N

g
filo
2

2,
2
Oi_l

o X
BN
ot
2
2
12
Rl
)
b
filo
2
2
ol
o
32

o| E
Ll
o
ofo
o
S
i
At
]
o
offt
[
N
_>;l_'4
ol

rl

o o,

(A
£ o
gx
B
=< T
7, °
b
LIS
2
RS
{12
= 2
lmmg
2
2 m

>4
i)
ne
I

132 o o
N

4%_ Z 3k }\]_/_‘\_E‘il‘q :%]HJ—B‘]: (?_‘I_—X—]/H =i
13l #A] o] 7]QF Hoo Alo] Z=f
. Coskun?} Langari”= 553 &
e e R A St e i
2 AR AR A SRS S
Watali Tt Setiawan 572 4
AFEE TSl o, v A] xpeke]

=
2 3% 4% B 98l v ek
L=d

&

s

& o
o o -
to .

==
e ©
O
_

9

I o,

;
oo |

=3
ol
ha OE ﬂ,
o M o
o, %;{
5 TE
g

%
d ol I by

mooﬂ‘,ﬁ
N
Lo,
fl
o = PR~ YT s O <

K
HN
filo

(¢

)
#
o =

O
(3

ro o o @ ol o it |

N
B> o ol ox
g ol ot off o
m?ﬂ_‘ oft N'E,
o M
N O
Ir ?4
| |
Lk
(m
24
2
%
it
fllo
N
-0,
QL
32

N o4
= ok
—OrEN'
H 4
off

N

e ok
2
>
rle o
v
O O
0,

xo
%
)

[o

ll
N o
o2

[}

0,
ol
ox
dob it

filo

! t}. Zong S¥-2 4WID/4AWIS
s WAsh] 918l g A e
S o] &3 AT 7155 Ao} T (Reconfigurable control
allocator) A A& 7]¥+2. 2 FTC(Fault Tolerant Control)E
AFEFATE Zhang 50L& 45 59 2 2] oA
PE Ak AT Alo] & 2l 7S o] &g i

o =t R o S omd N X, off 2 po e

494  #=R2S23eE =232 A9 Hes, 2021

o'gd - 234

A 2 &8 Alo] Larg]FS AlRbeksitt o] 7 o]
g0 47 5 2] o] S f18l a1 3%
714 P4/ A o|(Fault tolerant electronic stability
control, FT-ESC) <alg]HFS Aotsladt) Li &'
4WIS/AWID 7] AFgxte] a1 vl-e-& Sl Setold
RE Ao)7]& o] sl i 518 Alo] darg]lFS Al
SIS TE Guo®t Chen™ 4% 59 -5 Al =89 5
7] 317 58 Aol & 8l A8 115 Sefold BE 3§
& Alo] darE]ES ARt Guo TP 4F 5 =
o] A-ga) 2peF ek o ok
co 117 3]-& Alo] Larg]FE Aleke}
< 5% XA =HY] 17 518 Ao & Sl el

%= 3 X|(Takagi-Sugeno Fuzzy) 2. &S ©] 83 Hoo #]|o]
S FE ARFSATE 2AMZ TP 4F 51

o] 17 & flal B oS Alo] " A Ao E
o8-8t 717 31§ Ao Lare]FS A3t Schaeffler
group> BRI E] MU AE Al Fes AT viE
7122 Schaeffler moverS 7|3} o0, 7)2hel x}=F
< 218 BH7F WE o] tedt 753 3ol 7hset
tL'9 Toyotat™ A}&73 R U E]E e-PaletteS 73}
o, e-Palette’™= 45 &5 H 30| 753 Ao 2 A|
242 3, o7t 23 5o] 75 &) 7hedk xpwFol

29
2

£
N
i
2
-
il
o
.
_EL
fx
2
o
[T
ol
W
2
o
o,
o
o

Ho
%
S
4l
i
i)
BN
o
>,
),
juii)
~N
=
i
02
%
2
2
re
s
g

o

O
o
o,
)
O,
SRS P

=

jur)

==

Sl

2

S

e

to

12

o,

2

o

e

il

i)

N
o L

N 32
o o &
B'_IQ‘ N ol
> N,

i 2 E

o o 2

ot ELN

B}

2 1m0

.

re

-

2

>

rlr

N

M

i

i)

N

%

>

[

juii)
L2
ety
fitlo

o

1% o

1 o
kot o
Ac)
AN
tlo
e
X
ol
ol
9%
=
>
i)
)
[l
o m\_’_‘.“
o
P
Ir
i
o
O > 2
2

=2
1o,
o
N
o 2
oX,
s
2
ol
ol
Gl
Ju
I
ol
ol
N
:oé
)
M or
2

= 0

>

>
3@ 2 18 ox

ol
i
>

TR
i)

o
e
o
2
<
ol
ol

2 012
B
=31
el
Ak
off
rlo
_>|J_Il
off
o
P
& 2
e =
X o

ox
o
f
il
o
=
=

o
-
N

T

T

>
.
N
rO
i)

i
2
oft
lo,
&
o
o
o

e 2
18 oo
o A

32
£
ki
i
i)
kot
1z,
2
|\
Y
2
A
I
<)
2
M
2
R Oy B2
o2 N J
ot 1o x
oo o O 9

o



OS AgzAE 195t= 4F S 28 Aol 8 HalE 22 98 AHE Ao 7|4 22 oF 1F 3& Ao

St Alokd &a12] 52 Matlab/Simulink £ o] 4] A o
ehare]F Ak 28]al &8 Alo] WHS E3tet
= A Al2=glo] AAE Ak Al k271 a7 WA o]
Holl= E2l4 Alofz=vt 485 om, 17 A &
o= &8 A& fIg 57 Adx7e] F7HH§ HE
= duglFe] AAFENY. AAE s 453

I ]
9 BAS 93] Ag AXE 902 CarMakerol| 4] A

7}

B S 702 5SS AT CarMaker
= Ao A Eeol R ES ol R Ao, Ao} R,
R RS X 3 717}

LRSS L ?*40}04 =
7Fs gk A E 9| o]o]™ Nalic 5 AH&ET3 A4S 7t
ol A dAA FUEE 98] wE S5S TSk A
Edle] PTV Vissim¥}t 2p&F Alg o] AZEL
CarMakerg 153t &7 A|2Hl0] g AT
7]_ H]—tﬂg zﬂo]_g}oﬂq, 18)
o] v A B vhgat 2k 27l A= 4
23 A 2wl o] WHA Tk argol] o gk A B a1
TZE AQFstaL, 3%l A= A Alo] 71
dlo} dare]Fel sl 71 gheh 47l A =
ANE HeoFr) s = A8 2 A
7 &5 Al sl 715kt

(<

| O
N
o,

A

oo N8 0 i

AR, TE), 49, S0 YR LR 7
2
al%

g obd Al ~Elo] I
A 7T S ¢
orstiom, Aeke 317 QP Al2=gle] 7] 5 A Q14
ok, Ajo] ol A o] AA

Table 201 4] & = 9150l L b AJA W 14| @A
oM S gt Ul s e Al W
sb7] 918l 1gS EFstAY A sl st
v g wdle] whdts]n] o] #le| ule} A
T QH FHE 213k Ao Here] A HT) Alo] ¢
N E A, 58 9 v 2110% 4 Aerg B3l 1

O

%
al
Hhaol whE 2 Al ok S Sy $lali
2}
Al

X
olf

a7 QP Al T o Q1% B ket

A = =L B L L 1 ﬂ%é}t‘m_ 7}x4 39
vl TE]ar 28 AlaE] 3 vl A 318 Alo] 2 913
2 24 et 97 b Ao} s FAE A% 58

Table 1 Components and fault classification of 4WIS

Division Fault

- Rack displacement sensor
- Steering wheel angle sensor

Sensor - Steering torque sensor
- Inertia measurement unit sensor
- Wheel speed sensor
- Steering reaction force
Actuator .
- Steering motor
- Power off
Power

- Insufficient power supply fault

- Signal holding/offset

Communication | - Signal weak signal

- Noise

Table 2 Overall frame for fail-safe system

Perception Decision Control
L. - Warnin,
- Fault level decision 5
- Fault - Fault tolerant
. : Normal
: Detection Warni control
. . : Warnin,
: Classification e - Emergency control
. : Emergency .
: Reconstruction - Parking on the
: Emergency stop
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Table 3 The used parameters and values

Divisi P . Values Values
ivision arameters
(Case-1) | (Case-2)
Target value Tielay 1 sec
Tharget 0.2 sec
Updating period 0.1 sec
MPC P gp
Discrete time 0.1 sec
parameters
Prediction step S step
Weighting factor 5% 10° 5% 10°
Front wheel
angle limit +40 deg
(driver + control)
. Rear wheel
MPC constraints L.
angle limit +40 deg
(only control)
Wheel angl
eelangle +30 deg/sec
change rate
. Integral gain(front) 0.2 1.0
Integral action | T oai
parameters ntegral gain -0.2 -1.0
(rear)

Table 4 Vehicle parameters used for performance evaluation

Parameters Description Values

m Mass 1,600 kg

VA Rotational inertia (z-axis) 2,333.6 kgm?

Ty Track tread 1.63m

lf Distance between fror}t axis 1744 m
and center of gravity

I, Distance between rea.r axis 1231 m
and center of gravity

Table 5 Driving conditions for performance evaluation

Division Case-1 Case-2
Driving scenarios | Steady-state circle driving | Straight driving
Longitudinal velocity 55 kph 100 kph
Driver input CarMaker driver model
Fault injection time 7.5 sec 15 sec
Faulty wheel Rear-right Rear-left/right
Road friction 1.0 1.0
coefficient [Asphalt] [Asphalt]

Table 5= §121 4 4558712 918l 285 A2
7t Aube) 2ol A o] Bk 2SS Helz,

do
to
o

Table 5l 4] H = gl 5%o] A/ A A A3 & &
9 = Fol o] Hg9 Ayel e} Azl F3 F
SE9] F 7l Holl argo] HAEHE AU E 7|uke
2 AR FREAL AsEE Qe Hed 1
2 Agtel A9 g A Al 2 Fo] 54 wego
w243 s|dste] & 2§ 2 1% do] 24y
Ak @ AT DAl = T3] a1 Agte] -85 o
2577 AP H QA =5 vhedek 17 A3l A <]
AATH7IE AgSta ok SdA dH e A9 A5
7+ e AR g AXEolA ATEE A
2} Bdllo] AL8-5] T}, thg- A -] = Case-17} Case-2°]]
o] 317 318 Ao AXrF A = Ak

4.1 Case-1 : 1-wheel fault(rear-right)
Case-1-> T £ 55 kpholl A 474 & 43 & 1

ol WAah= Alvte] Q.o A2 7.5 sec-E F-79)
= ol Bt =S H8HAT deR7F AvE &
AR 23 432 Fig. 5014 &Qleh 4= gl o S35
&) &= 9 A=Fo] A5 Fig. 6 2 Fig. 72 2}

Fig. 6014 2}k 117 518 Ao 7} A& 5l w|4-&-¢
BE A 37 59 AL 7.5 sec ol A7MA = T
£527) 55 kphE Aok A 1 o+ o 1%
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Longitudinal velocity
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Side slip angle
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Fig. 15 Result: side slip angle
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Fig. 16 Result: yaw rate error
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