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Abstract

This paper focuses on enhancing master cylinder pressure control in pressure-sensorless
Electro-Hydraulic Brake (EHB) systems. A novel control strategy is developed, integrating
a Piecewise Sliding Mode Controller (Piecewise-SMC) with an Extended Sliding Mode
Observer (ESMO) based on a newly derived pressure—position-velocity model that ac-
counts for rack position and velocity effects. To handle external disturbances and parameter
uncertainties, the ESMO provides accurate pressure estimation. The nonlinear EHB model
is approximated piecewise linearly to facilitate controller design. The proposed Piecewise-
SMC regulates motor torque to achieve precise pressure tracking. Experimental validation
under step-change braking conditions demonstrates that the Piecewise-SMC reduces re-
sponse time by 31.8%, overshoot by 35.8%, and tracking root mean square error by 9.6%
compared to traditional SMC, confirming its effectiveness and robustness for pressure-
sensorless EHB applications.

Keywords: EHB; pressure estimation; piecewise modeling; sliding mode control; pressure—
position-velocity characteristics

1. Introduction

Electric vehicles’ shift toward intelligent functionalities has positioned Brake-by-Wire
(BBW) as a core technology, with Electro-Hydraulic Brake (EHB) emerging as the dominant
solution due to its integration of hydraulic advantages with high responsiveness and
reliability [1-4]. However, the EHB’s nonlinear electromechanical-hydraulic dynamics,
influenced by temperature, fluid properties, and friction, pose significant challenges for
precise control under increasingly stringent performance and safety demands [5-7].

To cope with the nonlinearities and uncertainties of EHB systems, diverse pressure-
control strategies have been developed [8-10]. Jiang et al. [11] proposed a pressure-based
sliding mode control (SMC) with experimentally identified dynamic friction parameters.
Xiong et al. [12] developed an adaptive SMC with ideal state feedback and integral anti-
windup, enhancing tracking performance but remaining sensitive to pressure fluctuations.
A quintessential challenge in conventional SMC is the inherent trade-off between robustness
and control chattering, which arises from using a conservative, high-gain switching term to
handle system uncertainties. Chen et al. [13] employed a disturbance observer to estimate
unmeasurable states and disturbances, proposing an optimized feedforward-enhanced
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MPC that outperformed conventional MPC. Although these methods have achieved signif-
icant progress in robustness, tracking accuracy, and dynamic response, they still rely on
pressure sensors, making them susceptible to measurement noise, drift, and installation
constraints [14-16]. Overall, while existing strategies address specific nonlinear effects, their
dependence on direct pressure measurement limits adaptability and long-term reliability,
indicating the need for sensor-independent or sensor-robust control solutions.

In response to this need, research has increasingly focused on developing reliable
master cylinder (MC) pressure estimators, as they form the cornerstone of sensorless
control [17,18]. Earlier studies by Shi et al. [19] and Wei et al. [20] developed MC pressure
models and signal fusion estimators, improving reliability under dynamic conditions but
lacking integration with robust closed-loop control. Evidently, achieving the high accuracy
and robustness required for closed-loop control necessitates more advanced observer
design concepts. Significant progress in observer design in other fields has provided
valuable inspiration. Finite-time adaptive sliding mode observers have shown significant
error reductions in hydraulic manipulator control [21]. Likewise, second-order sliding
mode observers improve vehicle lateral force estimation by accurately capturing nonlinear
tire-road interactions, outperforming traditional filters with up to 99% error reduction and
strong robustness [22].

Building on the foundation of reliable pressure estimation, the integrated control
strategies that effectively leverage this estimated information [23-25] can be developed.
Han’s group [26,27] developed estimators and controllers informed by actuator and vehicle
dynamics to reduce model sensitivity and improve robustness across operating conditions.
Zhao et al. [28] employed a sliding mode observer to replace pressure sensors for coor-
dinated booster—ABS control and proposed an adaptive MC pressure estimation—control
framework combining multiple MC pressure estimation techniques. Collectively, these
control-oriented approaches demonstrate that estimation—control integration is achievable,
but robust adaptation to diverse real-world conditions is still an open challenge.

To provide a clear overview of this progression, Table 1 compares the key strategies
discussed, highlighting their respective strengths and unresolved limitations. As the com-
parative analysis in Table 1 reveals, existing EHB control strategies exhibit limitations in
robustness, largely because the fundamental dynamics of MC pressure remain a key but
under-addressed research area. To confront this challenge, this paper introduces a Piece-
wise Sliding Mode Controller (Piecewise-SMC) framework that integrates advancements in
modeling, estimation, and control:

(1) A novel position—velocity—pressure (P—V-P) relationship is formulated to provide a
more accurate dynamic model of the system.

(2) AnExtended Sliding Mode Observer (ESMO) is designed to robustly estimate pressure
against nonlinearities, disturbances, and uncertainties.

(8) A Piecewise-SMC is developed, which leverages a piecewise linear model to signifi-
cantly mitigate chattering and enhance control performance.

Table 1. Comparative analysis with advanced related works.

Approach Representative Works ~ Key Strengths Core Limitations Contributions of This Study
Fundamentally relies on
Effec.tlvel}./ gddresses physical pressure Eliminates the dependency on
Jiang et al. [11] nonlinearities, such as sensors, making the hysical sensors from the
Advanced ang Pt friction and saturation, system susceptible to phy
Xiong et al. [12], . . . . . ground up through a sensorless
Sensor-Based Control enhancing dynamic noise and drift, which .
Chen et al. [13] . - estimation-and-control
response and tracking limits long-term
S framework.
accuracy. reliability and

adaptability.
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Table 1. Cont.

Approach Representative Works Key Strengths Core Limitations Contributions of This Study
1. Limited to the
estimation level, lacking Achieves high-fidelit
Established initial master integration with a jneves g 4
cylinder pressure estimation  closed-loop control estimation for closed-loop
MC Pressure Shi et al. [19], 4 P P control by designing a robust

Estimation Models

Wei et al. [20]

models, verifying the
feasibility of a sensorless
approach.

system.
2. Insufficient
robustness against

ESMO observer grounded in a
more accurate P-V-P physical
model.

system uncertainties
and disturbances.

Integrated Estimation
and Control Strategies

Han'’s group [26,27],
Zhao et al. [28]

Achieved
estimation—control
integration, validating the
feasibility of an integrated
framework and introducing
modern control theories.

Proposes a Piecewise Sliding
Mode Controller that embeds a
piecewise model into the control
law, enhancing robustness and
adaptability while significantly
mitigating chattering.

Robust adaptation
under severe parameter
uncertainties or actuator
degradation remains an
open challenge.

2. Analysis and Modeling of the EHB System

The EHB system (Figure 1) integrates the power supply, BCU, BLDC motor, trans-
mission, hydraulic reservoir, master cylinder, and HCU. During braking, pedal input is
processed by the ECU to command motor-driven rack—gear actuation of the master cylinder
piston, generating hydraulic pressure. The BCU regulates pressure via estimator feedback,
while the HCU modulates flow to wheel cylinders for braking force generation.

) “‘ ﬂﬂ%ﬂhﬂn‘n“ Worm gear mechanism
— —» Command signal : : : Gear 5 d
— % Torque transmission L1 I Master
— —»> Feedbacksignal || | | W W sytinder
Hydraulic line 11|
(| _ L‘
Pressure
————— - BCU ¢ ————— — — —— —
command FD— Hcu [RW
(FR—| —RD)

Figure 1. Schematic diagram of the EHB system.

To enable efficient control algorithm design, the actuator dynamics of the EHB system
must be captured in a tractable form. Given its pronounced nonlinearity, the system is
herein represented by a simplified model, which preserves the key dynamics relevant
to pressure regulation. For BLDC motor modeling, the following assumptions are made:
(1) rigid mechanical coupling between the motor rotor and the pinion; (2) negligible cogging
torque and gear backlash; (3) temperature effects are neglected. The dynamic behavior of
the EHB system is governed by the following equation:

Imém + Bmgm =T —Tm— Tf
T, = Kei
Xm = re%rFm = %Tm
miy + cXm + kinXm = Fn — PucAme

M

where [, is the combined inertia of the motor and the pinion, B;, is the damping coefficient
of the motor, 8y, is the position of the motor, T, and T;, are the electromagnetic torque
generated by the motor and the actual output torque, respectively, Ty is the friction torque,
K, is the torque coefficient, i is the current of the motor, x;;, denotes the piston displacement,
r represents the pinion pitch radius, i is the gear reduction ratio, and F, is the axial thrust
output from the rack-and-gear assembly. m denotes the combined mass of the rack and
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piston, ¢ is the damping coefficient of the reduction gear, and k;, represents the spring
stiffness of the master cylinder. Py, and A, denote the brake pressure and the effective
area of the master cylinder.

By introducing a zero-velocity interval, the Karnopp model effectively eliminates the
numerical ‘chattering’ that occurs near zero velocity, thereby ensuring numerical stability
and providing a more realistic depiction of the stiction state. Furthermore, its ability to
accurately capture the ‘break-away’ force required for the transition from stick to slip makes
it particularly well-suited for characterizing friction within the EHB system:

Te |0m| < 6&| T, — Ton| < Ty + GFn
Ty = (.TSf + GfPs)sign(Te — Tm) f)thers )
Bl + (Cy + GyFs ) sign (0n) 6] >

where T¢ denotes the static friction torque independent of load, G represents the Coulomb
friction torque also independent of load, and B; is the total viscous friction coefficient of
the mechanical system.

2.1. Novel P-X-V Pressure Model

The EHB’s pressure—displacement relationship is strongly nonlinear and rate-
dependent, making static Py, = f(x,,) models inadequate for dynamic braking scenarios.
To capture the coupled effects of displacement and piston velocity on pressure buildup, this
work adopts a Py = f(xm, X ) formulation, identified through experiments with varying
actuation rates on the test bench (Figure 2).

Wheel " =
- cylin l g |
#  Motor i J “"'
controller | z : i 4 _
q R A1 Road load

Figure 2. P-X-V characteristic test bench.

Figure 3 presents experimental results covering piston speeds from 10 mm/s to
50 mm/s, spanning the EHB’s operational range. Using the 30 mm/s test as baseline,
RMSE values at 50, 40, 20, and 10 mm/s are 5.33, 2.94, 2.91, and 5.54, respectively, revealing
significant pressure variations outside the baseline speed. Thus, both piston displacement
and velocity are essential for accurate pressure estimation and control. The master cylinder
pressure model is established accordingly:

Pie = 61 (xm — xdz)z + 00 3)

where 6, is the degree of concavity or convexity of the piston displacement—pressure curve,
6 is a positive coefficient, and x4, refers to the dead zone length of the master cylinder.
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Figure 3. Pressure characteristics test at each rack speed. (a) Pressure characteristic. (b) Pressure
characteristic map.

2.2. Model Validation

To assess the accuracy of model, identical step and sinusoidal input commands are
sent to both the test bench and the simulation models. The comparison is made between
the proposed pressure model in Equation (3) and the conventional model only considering
displacement x,,. As shown in Figure 4b,d, both models converge similarly at steady-state
pressure. However, during dynamic pressure build-up and release phases with high piston
velocity, the proposed model significantly outperforms the traditional displacement-based
model, closely matching experimental data.

120 : : : : : ; : 20 : : . : : ; ;
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Figure 4. Verification of novel model. (a) Pressure tracking in step condition. (b) Pressure tracking
error in step condition. (c) Pressure tracking in sinusoidal condition. (d) Pressure tracking error in
sinusoidal condition.

3. Master Cylinder Pressure Estimation of EHB Based on an Extended
Sliding Mode Observer

EHB systems exhibit strong nonlinear coupling across mechanical, electrical, and hy-
draulic domains and often operate under harsh conditions. Increasing system integration
makes embedding master-cylinder pressure sensors difficult due to space and cost con-
straints, creating demand for sensorless pressure control strategies. Thus, an ESMO-based
method is developed for high-accuracy master-cylinder pressure reconstruction, accounting



Actuators 2025, 14, 416 6 of 15

for parameter uncertainties and high-frequency disturbances. The proposed observer esti-
mates rack position, velocity, pressure, and external disturbances simultaneously, enabling
precise and robust pressure control under complex operating conditions.

State variables are chosen as x1 = X, Xp = Xy, Y = Py and it can be obtained that:

X1 =x2
Xp = L[y —cxp — kmx1 — Am(01(x1 — x4,)% + 02x2 + Ay)] (4)
y = 01(x1 — x42)% + 0222 + Ay

where A; denote the external disturbances term.

Assumption 1. It is assumed that functions f(x1,x) are Lipschitz continuous with respect to xq
and xy. There exist two constants 1 and <y, satisfying the following conditions:

f(x1,x2) —f(ah,a?z)‘ = |f(%1, %2)| < mlx1 — #1] + 72|22 — %2 (5)
Combining Equations (4) and (5), the ESMO is designed as:
£1 = % + Ly sign(x; — £1)
%y = L[Fy —cty — ks — Am(B1 (%1 — x42)% + 0222 + Ay)] + Lo sign(xa — £2) (6)
9 =01(%1 — x42)* + 022 + Ay

where variables with hats denote estimates; Lj, L, are observer gains.
Define the observation error vector:

= [21 fz} - [x1 — % xz—fz]
The error dynamics follow:

¥1 = % — Ly sign(%;)
2= — g [kn®1 + A (01 (%1 — x42)% + %2 + Ay)] — Ly sign(%a)

=

If the gains satisfy

L1 > |JZ2| +(51
with 61,6, > 0,

Ly > 71|%1| + 72| %2| + 62

where 71, 72 > 0 are Lipschitz constants, then the observation error converges to zero in
finite time T > 0:

lim || X|| = 0.
t—T

Consider the Lyapunov function candidate:

. 1, 1,
V(x) = Ex% + Ex% (8)

The time derivative along the error trajectories satisfies:

V <|3|(|%2] = L1) + [®2] (1] ®1] + 72 %] — Lo+ [Ag]) < =611 | — 62|72 ©)
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Since V < —k(61,8,)||X|| for some k > 0, the system reaches the sliding manifolds
% = 0 and %, = 0 in finite times T; and T, respectively. Convergence occurs within
T = max{Ty, T»}.

To suppress the chattering caused by the sgn function, the discontinuous sighum
function is replaced by a saturation function:

X

=Lj—— 10
Umod 1 ‘jl| T (10)
yielding the modified observer:
. X
X =%+ L1~71
|%1] + (11)
2 1 o N A A A N Umod
fo = o [Fn = et — Kty = An(By (81— x0)* + byta + By)| + Lo et

The design parameters wy, wp > 0 provide a trade-off between convergence rate and
chattering attenuation.
The adaptive laws for time-varying parameters ensure bounded estimates:

A A . 5
th = —k117m(x1 — x4:)* %2+ x1

A 1.
0, = —klz%x% + X2 (12)

Ad = Pl‘Oj (k13922)
where the projection operator maintains Ay € [Amin, Amax] [29]:

0 ifAj=Amaxand e >0
0 ifAj=Aminand e <0 (13)

e otherwise

Proj(e) =

4. Design of Piecewise-SMC

To enhance EHB control performance—especially rapid pressure buildup and precise
tracking—this study extends the Section 3 pressure estimator by developing a Piecewise-
SMC strategy that combines piecewise linear modeling with sliding mode control. This
approach improves accuracy, real-time responsiveness, and robustness.

Piecewise linearization simplifies the nonlinear system into locally linear subsystems,
easing modeling and controller design without losing key dynamics. Sliding mode control
offers strong robustness against uncertainties and disturbances but typically suffers from
chattering, which degrades performance and stability.

The proposed Piecewise-SMC balances model fidelity and implementation simplicity.
It uses desired master cylinder pressure as the reference and feedback from motor angle,
velocity, and estimated pressure. Unlike polynomial models that lack physical interpretabil-
ity and complicate controller design, piecewise linear fitting captures the full Py,c—x,~vs,
behavior across the operating range, segmented by piston displacement x,,. The fitting
results appear in Figure 5.
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Figure 5. The pressure fitting result.
Therefore, the pressure—position-velocity model can be expressed as:
Pme_k = @Xm_k + by, 1<k <n (14)

where ay, by is the fitting coefficient.
Then, the state space expression can be obtained as follows:

X = Ax+ Bu (15)
where . .
x:[xl X2 X3] :[xm Xm Pmc] u:[Te_Tf]
0 2 0 -1
16)
| le e _u _ (
A=| -85 —& & B=| 0
aj bk 0 0
i+ inBy+ &
GG | [ il B a
Cs G4 i =

The reference pressure is defined as x3;4, and the pressure error can be defined as e3:
€3 = X3 — X3g (18)
The sliding mode surface can be defined as:
s = (%3 — %34) + A(x3 — x34),A >0 (19)

where, the choice of A depends on system characteristics and is often fine-tuned through
simulations and experiments to achieve satisfactory robustness and responsiveness.
Then, the derivative of s can be concluded that:

s = (le + b A — bk%)XZ — bk% {91(9(1 — xdz)2 +Orxo + A

& N . (20)
+(aA — bka)xl + by — X33 — Ay
Let
§ = —esigns — ks (21
The control law u is designed as:
. — (@A = b 2)x1 — (a + BA — B2 )xa
U= by ‘H’k% [91(361 — x4.)" + boxy + A} + X34 (22)

+Ax3y — esigns — ks



Actuators 2025, 14, 416

9of 15

where € and k are both positive constants, with ¢ satisfying the following conditions:

e > bkg‘11|ﬁ|max (23)
By substituting Equation (22) into Equation (20), it can be obtained that:
§= —bk% {91 (xq — xdz)2 +0oxp + A] — esigns — ks (24)
Define the Lyapunov function as:
V2:1f%+12+ “k 162 + k16§+ Ly k12 (25)
271272 oM 2'n 2'B

where %N 3?% + %f% measures the energy of the state observation error; o _15% + %klz_lé% =+

%k13_1A2 measures the energy of the parameter/disturbance identification error; %k;lsz

measures the energy of the sliding mode control tracking error; kj, is a positive constant.
Based on the result of Equation (11), the time derivative of V, along the system is

obtained as:

Vo = %18 + oy — k1010 — kS Ooxo + A {fz — kA

B 2 (26)
+k, [ _bk [91(951 — x4.)" + boxp + A}S —els| —
Then, select additional correction terms )1, x2 as
X1 = —kik, b8 (7 — x4.)%s
;. ) 27)
= —klzk bké Xos
Substituting Equation (27) into Equation (26) yields:
Vo = X1 %1 + XXy + A [fz — kl_?)lé} + kh_ [ bkér4 As —eg|s| — ksz} (28)

Then, it can be obtained that #%; < J1|%;| < 0, %%, < &% <0, A {922 - k;;ﬁ} <0,

—by (:4 As — ¢|s| < 0. Then, the following conclusion can be derived as:
7o —1p2
Vo = —k; Tks? < 0 (29)

This ensures the stability of the overall closed-loop system composed of the Piecewise-
SMC controller and the ESMO under closed-loop operation, as well as the boundedness of
system signals.

Since the system is partitioned into subsystems and the sliding mode sign function
induces high-frequency chattering, it is replaced with a saturation function to enhance
control performance. Equation (24) is thus rewritten as:

—(apA — bkgi) — (ax + bA — by g2) x2
u=— +bk [Gl(xl —xz.)" 4 boxp + A} + %34 (30)
+Axzy — esat (5) — ks

where ¢ is the thickness of the boundary layer, ¢ > 0.

a/e,lo/el <1

sgn(c/¢),lo/¢| > 1 (31)

sat(c/$) = {
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The proposed Piecewise-SMC framework (Figure 6) builds on a high-fidelity P-V-P
model to capture nonlinear dynamics, employs an ESMO for real-time state estimation
under uncertainties and sensorless conditions, and uses a piecewise affine approximation
to enable tractable controller design. These components jointly support subsystem-specific
sliding mode laws, achieving robust and precise pressure regulation across the EHB operat-
ing range.
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Figure 6. The overall scheme of pressure estimator and controller design.

5. Results and Analysis

To verify the performance of the proposed ESMO pressure estimator and Piecewise-
SMC pressure controller, simulations and experiments are conducted.

5.1. Simulation Results of Master Cylinder Pressure Estimation

Under typical braking conditions, the performance of ESMO is evaluated through
simulation. To assess the practical applicability of the proposed pressure estimator, it is
integrated into a closed-loop control system, wherein a Piecewise-SMC strategy is employed
to achieve accurate tracking of the master cylinder pressure.

Figure 7 presents the pressure estimation results of the ESMO and the corresponding
tracking performance of the controller under various operating scenarios. The root mean
square errors (RMSE) of the ESMO under two distinct conditions are 0.1764 bar and
0.2368 bar, respectively. The mean estimation error is —0.0160 bar, and the maximum
absolute error reaches 1.2249 bar. These results demonstrate that the ESMO exhibits
strong dynamic estimation capability and high steady-state accuracy, thereby meeting the
performance requirements of the closed-loop controller.
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Figure 7. Simulation of master cylinder pressure estimation. (a) Estimated in sinusoidal condition.
(b) Estimated error in sinusoidal condition. (c) Estimated in step condition. (d) Estimated error in
step condition.

5.2. Simulation Results of Pressure Control Strategy

This section also designs two benchmark controllers for comparison: an SMC con-
troller based on the conventional EHB model and a Piecewise-PID controller based on the
proposed pressure model. These benchmark controllers are used to validate the effective-
ness and advantages of the proposed Piecewise-SMC control strategy. The corresponding
simulation results and performance analyses are presented in Figure 8.

Figure 8 illustrates the simulation results of the Piecewise-SMC, SMC, and Piecewise-
PID controllers under sinusoidal and step braking conditions. As shown in Figure 8b,
under the sinusoidal condition, the Piecewise-SMC controller achieves an RMSE of
2.31 bar and a maximum absolute error of 3.77 bar. Under the step condition (Figure 8e),
the Piecewise-SMC achieves an RMSE of 2.17 bar, with a maximum overshoot of 2.17%
and an average response time of 0.12 s. These results clearly demonstrate that, compared
with the SMC and Piecewise-PID controllers, the proposed Piecewise-SMC controller offers
superior performance in mitigating the effects of system uncertainties and external distur-
bances during the pressure regulation process. Furthermore, it achieves faster dynamic
response while enhancing the system’s robustness and tracking accuracy.

120

H= —Desred— —PlecewiseSMC— — SMC— — Piecewise-PID|

: T T :
12 -—Picenise SMC——SMC-- - Picewise PID| 7

3 8
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Figure 8. Simulation of MCPE. (a) Pressure tracking in sinusoidal condition. (b) Tracking error in
sinusoidal condition. (¢) Motor torque in sinusoidal condition. (d) Pressure tracking in step condition.
(e) Tracking error in step condition. (f) Motor torque in step condition.

5.3. Results of Experimental Verification

To further validate the effectiveness of the proposed control system in practical ap-
plications, the Piecewise-SMC strategy is experimentally tested on an EHB test bench, as
shown in Figure 9.

EHB Plant
ICompilation
and code
download
P mc_act
\lﬁ‘l;mnuwlw N
. “:an;;%;
Upper
Py . Computer

Figure 9. EHB test bench of experimental validation.

Two braking scenarios—sinusoidal and step-change—simulate real vehicle conditions,
with pressure tracking results in Figure 10. Under the sinusoidal profile (Figure 10a,c), all
controllers show tracking errors, but Piecewise-SMC outperforms others. Its steady-state
RMSEs are 4.63 bar, 7.69 bar, and 9.06 bar for Piecewise-SMC, SMC, and Piecewise-PID,
respectively, reflecting reductions of 39.8% and 48.9%. Maximum absolute errors are
reduced by 33.2% and 50.6% accordingly.

In the step response (Figure 10b,d), Piecewise-SMC achieves 0.15 s response time,
4.37% overshoot, and 6.45 bar RMSE, improving over SMC (0.22 s, 6.81%, 7.13 bar) and
Piecewise-PID (0.31 s, 10.01%, 7.95 bar). Compared to SMC, Piecewise-SMC reduces
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response time, overshoot, and RMSE by 31.8%, 35.8%, and 9.6%; against Piecewise-PID,
reductions reach 51.6%, 56.3%, and 18.9%. Experimental results differ from simulations
due to external disturbances and communication delays. Nonetheless, bench tests confirm
Piecewise-SMC’s superior robustness and dynamic response over SMC and Piecewise-PID.

Quantitative results are shown in Table 2. In summary, Piecewise-SMC’s advantage
over traditional SMC arises from the accurate piecewise model enhancing control precision,
while compared to Piecewise-PID, its sliding mode control ensures stronger robustness and
better dynamic performance under uncertainties.

Table 2. Quantitative results of experiments.

Conditions Indices Piecewise-SMC SMC  Piecewise-PID
. . RMSE (bar) 4.63 7.69 9.06
Sinusoidal /s B (bar) 9.51 14.23 19.23
RMSE (bar) 6.45 7.13 7.95
Step Average Overshoot (%) 4.37% 6.81% 10.01%
Average Response Time (s) 0.15 0.22 0.31
120 T T T
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Figure 10. Experiment of pressure-tracking. (a) Pressure tracking in sinusoidal condition. (b) Tracking

error in stair-step condition. (c) Pressure tracking error in sinusoidal condition. (d) Pressure tracking
error in stair-step condition.

6. Conclusions

This paper develops a master cylinder pressure estimation and tracking control
method for EHB systems, with key conclusions as follows:

(1) A dynamic model incorporating piston velocity is established, enhancing pressure
representation beyond traditional displacement-only models and improving dy-
namic response.

(2) An ESMO is designed based on this model to estimate pressure without sensors, effec-
tively handling nonlinearities and uncertainties with high accuracy and robustness
under realistic braking.

(3) Building on the model and observer, a Piecewise-SMC controller is proposed. Experi-
ments under step braking scenarios show the Piecewise-SMC reduces RMSE by up
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to 9.6%, response time by 31.8%, and overshoot by 35.8% compared to conventional
SMC, demonstrating notable gains in tracking accuracy and dynamic performance.

Future work includes extending the controller to fixed-time convergence [30], integrat-
ing machine learning for adaptability, and leveraging quantum computing for advanced
control optimization.
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