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Abstract: A new control strategy was proposed by integrating active front steering and electro-hydrau-
lic braking in distributed electric drive vehicles to ensure vehicle active safety by taking into account bra-
king energy recuperation. The AFS controller was synthesized by means of sliding mode control. The
wheel slip controller was designed with a hierarchical control structure. In the upper layer, sliding mode
extremum-seeking algorithm was adopted to obtain the desired braking torque, and a dynamic control allo-
cator considering different actuators bandwidths was employed to determine the optimal split between the
electric and friction brake torque in the middle layer. In the lower layer, a hybrid actuator system consis-
ting of the hydraulic brake and the electrical motor was designed on the basis of actuator position and rate
constraints. The wheel slip control law was modified by introducing the road wheel angle factor consider-

ing the strongly coupled dynamics of steering and braking systems when braking-in-turn. Simulation re-
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sults obtained with a 7-DoF vehicle model in MATLAB/Simulink environment have shown that the control

strategy can significantly enhance vehicle directional stability and ensure braking energy recovery in split-p

straight-line braking, and can better track ideal yaw rate with vehicle lateral stability improvement when

cornering.

Key words: vehicle engineering; motor/hydraulic hybrid braking; active front steering; energy recu-

peration; control strategy; extremum-seeking algorithm
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Fig. 1 7-degree-of-freedom full vehicle model
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Fig. 2 Block diagram of the proposed integrated control strategy

2.1 AFS ##i58
TR AR BT TR TR B R

x = Ax + E5,, . (2)
Apex="[o, 7]
— (Cp +Cy) bC, —aCy _
mo, mu,
A= H
bcr() — acfo - (az Cm + bzcro )
L wl. v ..
[ Co
m
E=|  |.
Cl(/[()
I

e Co» Coo 2050 0 i b 5 e 45 250000 i MU 25 6.
R B A A AR A

r]" =0, AT DA AR S B A
JE ro SRTAEHE M 00 Z IR 5C A L HURR AS 38 A 2
7% 1 % T 5 A IR 240 oA Ay B AEUAGE 422 ) 3k 38

% x = [u,

rq = max| I h&
‘ 1— (m<acm *bcro)’vf-/cfocrollz) L "
p(g/v)]. (3)
TRV 4 R ECH
s:r*rd—i—/lj(r*rd)dr. 4)
0

XA A HEMRERER. S s = 0, 458453 il .
U = (1/e3)

* [_ Az21Vy = anpr+ry—

A(r—ra) . (5)

itqj Az saz F e ﬁ%’lﬂﬂ%ﬁlﬁA 1 E E/‘Jfﬁi

R T AE R GEAFAE B R S BOAS i E T AT R
UEM A5 o8 LA il

Uy = Ueqg — Kisgn (5) . (6)
A esgn HAFS REGH & K, Al 6ot 250
TRIE T AR Gk B W BT R T 245 T 1Y £ Uk 4R
BERAE LA 2 1R A] 3K 2

— st = s <—qls]| . P)

BEAI S R T FE— 25 T o3 42 il A 1) e A B iR L
T R B AR AT IR sgn () LR

S [} 1;

sat(x) = sgni) x> (8)
X, | x| < 1.

(R I o e 290 B4 i A

Ot = Uiy = U — K,sat(s/¢) . (9

Arpe ¢ NI FRREE A ST 0. 05.

A AT B A R A A RE AR SRR
¥

0c = 0 — O« - (10)
2.2 BBEEHEHE(WSC)

275 1 7% A I 18] 2% 72 A T AN IR A2 Ak L A R
RE A H AL 7 T AR R 4R ROROR AR 22 AR SCR
T AT B 5 R B 12 5 B % AR 5 o B0 i S 4
ARG 1A R i 2R A IS I B TR AR



i

FAT A A A IR SR G AFS 5 HR & A 3l e s 31

AR S — T AN 2 25 0 B 3 i o O ik

BT B R il i B ST SRR iy V) 4 oR
B T A s U R A S
si=F,(kisai) —pt. (11

TSR A A T A R S R TN B A 5 I A TR
e FLARAT A FL R WA, [R5 B R 2 8 T Ak
A X L BSR4 S 0T RS R
I AR TS M 1 A AR A DR R AN R R B A
HBRMET.

B s Xk IR FE]SR A5 1

;,=9F;Z“)n+aF§ZW) —p. ()

VeI R R SR e TR

% = Msgn [sin (%§i>]. (13)
Ao M AR #B R IE H B Hodh 28 04 sin pRELEY S

s 52 ) T % ) 4 ol 1 AR

FAADMAX(12) 155,

s, = WMsgn [ sin (F)] +

QL%JQ,—p (14

5% 55 T A T S AL T A {4 R 4 R =X
(14) 75 B3 31 T 455 0 3k 45 .

sin (rus; /) J2& s(o) g B 728 5 1) J8 401 o8 0, J) 39
H 2B A s WIMRIETE 5 28 Z AP g <
s(0) << 28. AR T R B -

ns (1)
)]
B

sgn (s(2) —2pB) . (15)
D 4y = s — B0 y(0) = s(o) ,Hk

aF‘”E()::i ' )MSgl’l ['}/(Z’)] +

sgn [ sin ( =—sgn (s(t) —p) =

s(t) = y(t) =—

IF,; (k; ,a)

Ja;

B osgn (Y y(o) = y@) | AASER
(/C

P (16)

Yy y(t) <— M| oy |+

| W‘* IRCIETRON
(17
R 8 25 3 45 5 T A AT B3k A
y()y(t) <0, (18)
53 2
‘JF (ki 701) ‘
IF . (ki sai P) @i
F“;Z @) -, ac L an

XA WFEMIE AN

lim y(1) <0, lim y() >0. (20)
70" H D=0
kT4 y(2) — 0 B s(») - 0.
2) & y(t) = s(t) — 28, [RF AT LLEWA
aF (IC ' ) ‘
IF,; (ki sai) Jda; “ _p
I, <— M M- (21)

oI o) Al (o) — 2.
B 1), 2) TE B, 75 31 5 (14 fh i AE nT 3058 4 1

Wr
aF,,-,’ (IC,‘ 7(1,’)d
aP“,,' (IC, 9&,‘) aaf ' fi
LZXCHSTES b i RS

PLEArHr B s (o FEAL MR IR I AT . 1
WCECT kB o kBRI — R BN AR T L B ARIE T AT )
UG (R 2R A5 T B AT A .

si = kB = F.(kiva;)) +pt, (23)

Fl.,- =—p. (24)

HAEREN o =0 @1 EXWLFEN, F. (F,
A A 50 B — o BB Wi/, B 356 35 2 6 3)
TIEIAA. IF . Ceisar) /Ines AT BN - B8 28 it 4%
AR YIZ R R T o/ M I i 2 J) — H 3, £
AT Bl ) - R AR i 2 R R, BRI (22) AN RE
2 3l /2 45 R
2.3 AFS 5 WSC #if

B B UL B 1m) ) 3 S R G [ A
TEA5 3y )2 B RAH B2 e AH LR 2 T AR AR A
SR TSR DAY B AR AR R AT RE AR Y B K 2 g
PEAT B0 5 b e i B 2 A 15 5 AR mT R X b AR 2 5 1k
0] 1) B 1 T B 1 R AFS 45 31 R 080 55 .t AR SC
& L) T AL A AR T R G A 1

aF;K:vC() ‘/Mio,

DALk » 2 (220 A i 9 (0 496 K i AR L 4% % o A v 7
B W R R R OF, (kvas) /e ORI,
S (22) PRARF I 18] 40 0« 35 B F s 800 8 I 1 9 20>
DR MG il 20 7 4 3% i e 5 R B S T AR (L S —
RE PR B 408 5 e S A0 [52] S 2% TR s 3 DA i g
Wil BN T —E R I 5R AFS R RO R T
ATRE. DRI AR SO T2 Bl B3 B A P R4S 5% A0 0 T AR
Ry ) HATEIE

ki = M exp % sgn [sin (%)] . (25)
e B— M IEWEL
ht@mﬁAﬂumﬁ&-
i, = M Cevad pre o celo, D gan Tsin (550) ]+
dk; B
IF; (kiva)
o enady —p, (26)



32 1 2 2 4 SRR D 2016 4f
[ (14) 75 1 2 (26) 1y Mg 485 AT 3k 4518 12
IF ., (ki sa; ) 1.0
(’)F‘l-,' <IC,‘ y&{) (’)C(
Ire; ‘ M exp<loa D *
Mexp<75‘3xx‘) . (27)
e oo M e BE 18 2R 1Y 3 BE R 2 1 s Kl 0.2}
B TR € Vs ) 3 7 98 R 0 185 A 12 DoIBER: WL R
B B 10* 10t 10° 100 100 10
i W% /He
X E B R ¢ =— (v, — wR) /v, #H1TR (o) A5 4 o 43
/ .2
SO A A ) T R4S ]
3 F.rsum RT/)i RF.xi F.zsum 10 o
Ki — *(* ) - - - ) n,‘) . 08 '.-'
Ux m I ® I ® m :]ﬂ REE R :_.' 'Th’*’Tm/ 7;) ’
(28) %0.6 ‘\.‘ .......... ITm/Tbl
2 SN been T /T,
F 2 (25) [ AR (28) 150 4 %246 S0 L 20 o4 N B
%Eﬂ\j: Ovz: ----------------- \\‘
o Iw Fb,.su,,, 0.0 " L L ~~~°|‘91nn
Ty == g+ 1 — = —RF,; — 107 10" 10" 100 100 10
I , 3%/ Ha
Zon Mexp % sgn (sin (X)), (29) (b 3 25 i 49 i
R B B3 3 A 4E S B B B

AP BB FEREE S TIREFE: o W FEREHE;
ROy%FRe AR T MR SRR S M 1, N
TR s F oo B RE G T 30 1. /H\FP,iJr%E
%ii"dﬂ;ﬁé?ﬁhﬂjﬁﬁ»ﬁﬁ%ﬁ?%%ﬁﬁfmﬁf
ST R AEOLIN % 08 S R A 1]y AT A A
2.4 HIENESFESHIT

T P 25 ] e 15 2 119 S 00 B2 ) Bl 0 R B R BL
L5 LR R A Sl S B AR T S E AT B
PR AL G AT S AR AL AT R B
T B B fil S B 18 3 4 0 52 6 BOR S B 2 1)
A7 Al 22+ AR SR T 3 25 4 o oy e S B HLR D AR
S BC :

miTn (an Tvi’ +anTal )+ BTy — Tri[k—1D% +

P (Toi = Toilk—1D%); (30)

st. Ty = Ty +Ton Ty < T < T,

j € {h,mj}.
Ao T AR h AW FRE S Zhm h e
BLHI N 5 an s AT 25 F) FH S8 AE 51 AL L 43 0 HUH
90,002 5 0.0055 BB N7 EIHAT 25T T8 1) 7551
FUE 43 I BUE A 0. 97 5 0. 03.

VE A B A, AR SCOR P 2 s 1 0k 52 0 400 2 o
FIRE AR A E L B 3 O A R A B S Bh
A4 il 43 FE 77 S 43 T AR 38R 0 8 R A Y Bl A 4 1
P BT A R L N ORI W SIS & N N

Fig. 3 Frequency response of braking torque allocation
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