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[ Abstract] The complex nonlinear characteristics and dynamic friction properties of the integrated brake-by-wire system were recog-
nized as challenges for precise hydraulic pressure control. To address these issues, a precise hydraulic force control strategy was pro-
posed for the integrated brake-by-wire system. Firstly, the structure and control framework of the integrated brake-by-wire system were
analyzed, and equivalent simplified models were established for each component to facilitate controller design. Secondly, a three-layer
cascade pressure control method was introduced for active braking in the integrated brake-by-wire system. Specifically, the pressure
control layer was designed based on the active disturbance rejection control method, which mitigates the effects of hysteresis nonlineari-
ty in the hydraulic system. The position control layer employs a robust sliding mode variable structure control method and addresses the
dynamic and static friction issues in the transmission mechanism. The current control layer was designed using the linear matrix ine-
quality method to enhance the braking motor’s dynamic following performance. Joint simulation tests using AMESim-Simulink demon-
strate that the integrated brake-by-wire system achieves good pressure control performance across various operating conditions, maintai-
ning the steady-state pressure tracking error within 0. 1 MPa, compared to the traditional proportion-integration( PI) control method,
the mean transient pressure tracking error is reduced by 0. 14 MPa using the proposed method, the mean steady-state pressure tracking
error decreases by 0.8 MPa, and the response lag time is lowered by 0.04 s, which verifies the effectiveness of the control
strategy proposed.
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Fig. 1 Diagram of integrated brake-by-wire system structure
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MU www.

K(9) Ty J IR G FH U5 Se AL S B ARG 5 T, A
WA A K, (K, > 1) NESIL,
BRI TR
& =3 (10)
2 h
X(10)H: 0, MEFFMANFE; s MIBEAIFS; h
R ZZFT RIS FE
BRI TR
2nT, = hF, (11)
X (1), T, NTRERZFFRV A RIS 0 Foh
TRER 22K 5 h 4 T
1.4 [FEEESR
A= (9) M (10) AT 45 2] L HLES #f A B ShET
KPR KRN
» = 2T, (12)
A (12) 9 0, HHEHIHUEE
HIRAL LI B B S EE I, X (4) A8 M
IS = R |

0

dzxp dx, —
Mo :Fa—PaAp—c’g—ksxp—Ff (13)
Fo=F + %kin (14)

K. Fy WS B RGN SRR, % IEFIL Bl
PRSI S) F, I CBRHLEE SRR T, R T Rl
(Karnopp ) #6875 | {20 Y RE [ it 2% 45 5l 245 5 i AR B
(RS SRS SRR ) F, JEAT AN T B

D6, + (C + Gp,A,)sign(8,),

16,]> ¢
Tf - TE’
6 | < e, H|T,|< (T, +GPA,)
(T, + GPA,)sign(Ty),
HoAts
(15)
h 1
T|< = TI, —E?PAP (16)

x1 ERAKEHNHREEERBESH
Table 1 Integrated line control motion system

friction model parameters

28 Hfd

FEYEPESE N D/[ Nom- (rad-s) '] 8.3x107°*
T AL HE ¢/ (Nm) 4.6 %1072
PEAR PRI & 8.1x10°°
FREEARILAE T/ ( Nom) 0.05
L HLEE ) R{H e/ (rad-s ") 0.02

stae. com. cn



2025,25(13) PN, A AR A il B 2R 4 E B i B g 5647

AP C R GEAE IO AT BT B0 2 A8 BE 458 A KL
Ty A FAL O R T 5 W SR B R IR Y 2506 T
NARGAES G OL T I HEEBRAERE D N R TEEE
%L 6, MHRBLALEEE ; 6 WIFEREEE L,
2 ENIREERKT
2.1 ZREKAERIE FI R M 54

K3 s T —A =R PR A a4 4 1 3 &
g, FCAE Bl s ) 15 4 AL TR ) B8 AL R
FIHL R ER A 2

HF H PL L PR I8 (active disturbance rejection
control , ADRC) B & 7 PR il v , oty AR B )2 4
SR, B e il f B2 09 H ARl s k1 P
5SCPRe ESV LRI P, e RAst, B it o BhiEr
B FUARTE ZE R R | K 1% 28 2 A7 AR5 21 H ARTS
TN«

FT B VL BT By & PR W AR 45 4 (sliding
mode control , SMC ) 1v/ & PR il 7 , Fig A A 3 22 71 2
ik x| LA R AGRAS A R SEBRS2 4% il HH o FE
BLE AR AL

T LM 46 B A %5 5 (linear matrix inequality ,
LMI) Bt s A il e , o A 18 s LAY H A
ORI i =0 FURRFE AR i SRR Rl
UL i, FISEER SRR A L U ¢, , T HC A s D0 oy H AR
HEIFL I o, 1 BRI o,

wy Ml u, BT Park 7Z R H RN d-g A HR
FAHE a-p IR R, 400 A3 18] % Dk 52 14 i K
HLE w, F g, T AL PWM (55, AKX 3l gk 3k
W TR A0 U MLEA T A, AT 32 sl i e F A0 3 )5
Pl
2.2 EHWEFRST

JE P 2= 0 2 AT 55 2 W W R B8 A
TE IR it S AR R R 20 I i R 2 0, HE H bR
e R 2 2 58 v SEBR 32 SR ) BE 1 B Bl i E
MIEARE S, SREET A STIEEIE BT Ay T B4

Ml RN ER RGN HR T P, st
PR B R SAR AL Wi SE PR R ) P, W 3= 3l Y
JE A% 3% SR 3R A5
TEBCH R Bl s ny i fe b AR X2k
BN RGIE M — AL R %, R (6) 7]
R R GRS TR
x, =—ax, + bu (17)
K7 H &, Flx, WRGUREA T v HRFERH
ANox, =P, JHEMNGWET; 2, = f, , HIRERSE
MAERME R s w =« O ESIELHY HARTE ZE58U%
TEL A B0 2 40 00 e 7 S A il o 7 op G
AN b AT ANt o O T AR E R G
4 PN BB AR 8, PRSI 8% AT LX)k 4% 22 2 i) 1B AR
AT, PRt B B R e i 3h R 58
=AU 7] I DB ol 28 R 7 7 S B L ) IR T
— AR A R Y BB AL B ek
ARZSWEIN 25 , 7T LASE BN 3R GRS RN P BIIR A 1 1Y
WO BT, SR AN R By 2ok ik
PRI 2
e(k) =z (k) —x,(k)
z)(k+1) =2z (k) + AT[ - az, (k) + bu - B, e(k) ]
z(k+1) =2z,(k) + AT{ - Byfalle(k), a,,6]!
(18)

l el“sgn(e), lel >0 (19)

fal(e,a,,0) = { 1
e/o ", lel <o

K z) WEFERIZ RGREL & ~, kTS 2, A9
P IR AR SRS AR B I 5 By, FH By, S HEHE
Hlsh RGRARL M B 4 5 AT RFED K 0y N
FELM AL fal IUFERIZEL o WEMEIXIRIRUN,

AR E TP B, 38 2o (5 1 4E Ze kR A S st
A LA £ ) 28 e A5 KRS J 0 92 v iR 4 3l
MIRES) . it fEFE 4% TP 5| A NLSEF 3795, # &
GERAAEEE mm®/s 597 IRARS VN &5 ESO Y X [
RS EAGTHA mm®/s 22, JFRIZ 25 (AR S5

=

[ raenasum ||

| AR R |

BB

IBC
=
H
3
&

X

______________________

I3 A i 8 R G T B A i e

Fig. 3 Overall hydraulic pressure control architecture of integrated brake-by-wire system
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Fig.4 Simulation model and proposed controller
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Table 2 Parameters of integrated line-controlled

electro-hydraulic brake system simulation model
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Table 3 Active braking test slope operating

parameters table
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Fig. 5 Results of pressure control under ramp condition
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Fig. 6 Results of pressure control under sinusoidal condition
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