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Modeling and MPC-Based Control of an
Electromechanical Brake Booster System

Abstract:

With the rise of intelligent and electric vehicles, the
demand for high-performance and responsive braking
systems has significantly increased. This paper presents a
braking control strategy based on model predictive control
(MPC) for intelligent electric vehicles. The vehicles use
an electromechanical brake booster called iBooster. A
dynamic model is established to characterize the actuator
dynamics and the vehicle’s longitudinal motion. The
control system employs a two-layer architecture: the
upper layer utilizes Model Predictive Control (MPC) for
deceleration planning, while the lower layer employs a PID
controller to track the planned signal and achieve real-time
actuator control. To test the control system, simulations
are done under three road conditions. These are dry roads,
slippery roads, and downhill slopes. Simulation results
demonstrate that the control system accurately tracks the
target deceleration with rapid response, minimal overshoot,
and robust performance against disturbances. The system
also works well when road friction is low or when gravity
affects braking. In all cases, the system reaches the target
within about three seconds. This method is useful for
building safe and adaptive braking systems for electric
vehicles.
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1. Introduction

In recent years, intelligent connected vehicles and
new energy vehicles have advanced rapidly, impos-
ing higher requirements on vehicle control systems
in terms of safety, response speed, and accuracy. The
braking system is one of the key parts of the vehicle’s
control system which helps keep the vehicle safe and
makes the trip more comfortable.

Traditional braking systems primarily rely on vac-
uum assistance, but they fail to deliver sufficiently
fast response or precise control in intelligent driving
scenarios. This limitation becomes even more signifi-
cant in electric vehicles, where conventional vacuum
sources are unavailable, prompting the development
of electric brake boosters such as the iBooster [1].
These problems become more serious during fre-
quent stops, slippery roads, or steep slopes. In these



cases, the old systems often do not perform well.

The iBooster system is a new-type braking booster that
uses an electric motor instead of vacuum to push the mas-
ter cylinder, enabling faster operation and more precise
control. This system has been adopted by many electric
vehicles and intelligent vehicles. However, the iBooster
system still faces challenges: its performance varies over
time and under different conditions, making it difficult
to achieve optimal control in various driving scenarios.
Therefore, a better control method is still needed.
Additionally, Model Predictive Control (MPC) is a meth-
od that uses system models to predict future states and
determine optimal control actions sequentially. MPC is
particularly suitable for systems with multiple variables
and constraints, as it enhances control performance while
ensuring system stability. Using MPC in the iBooster sys-
tem can help make braking faster and more stable, even
on different roads. Recent studies have demonstrated that
MPC-based controllers, when applied to regenerative and
electro-hydraulic braking systems, can significantly re-
duce response delay and improve control accuracy [2].
This paper first establishes a dynamic model of the
iBooster system, followed by the development of a con-
trol method integrating MPC with a PID controller for
fine-tuning. Simulations are performed across various
road conditions, including dry, wet, and uphill surfaces,
to validate the control method’s effectiveness and provide
insights for future smart braking system design.

2. Controller Design

2.1 Control Objectives

As an electromechanical brake booster, the iBooster re-
places traditional vacuum-based systems by using a motor
to actuate the master cylinder. A detailed mechatronic
architecture including the DC motor, ball-screw, and re-
action disk, as well as its control mechanism, has been
developed and validated in previous studies [3]. To design
an effective control method, a model is required to charac-
terize the relationship between input signals (e.g., motor
torque or displacement) and brake pressure output.

The simplified model can be expressed as a second-order
system:
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In this formula: P,(s) is the Laplace transform the brake
pressure, U(s) is the input voltage or torque signal, K

is the system gain, 7” is the time constant, and ¢ is the

damping ratio. A more detailed electromechanical model
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of the iBooster, including nonlinear effects and hysteresis,
was proposed in [4].

To evaluate braking performance, a simplified longitudi-
nal dynamics model is introduced. The vehicle’s accelera-

tion a(r) under braking can be described by:
()= Bl) Bl @

m m
In this formula: F,(¢)is the braking force, F,(¢) is the

brake pressure from iBooster, A4, is the effective area of

the brake cylinder, m is the vehicle mass. This relation-
ship is used in the MPC controller to predict future vehi-
cle deceleration based on current system states.

To ensure effective braking performance under a wide
range of operating conditions, the control system must
meet several key objectives. First, the system must gener-
ate accurate and timely brake pressure in response to driver
inputs or upper-level control commands, while ensuring
smooth deceleration to maintain ride comfort and prevent
abrupt jerks or wheel lock-up.

Second, the control algorithm must adapt to fluctuations in
road conditions and vehicle dynamics. For instance, brak-
ing behavior on dry asphalt varies significantly from that
on wet or downhill surfaces, requiring the controller to de-
tect these changes and adjust its response to ensure safety
and control stability.

Finally, the control system should achieve these goals
while satisfying physical constraints of the system, such as
actuator limits and brake pressure bounds. It should also
avoid unnecessary control effort, ensuring efficiency and
long-term component durability.

2.2 Controller Architecture

The control system employs a two-layer architecture:
the upper layer uses MPC to generate predictive control
commands based on current system states and future tra-
jectories, while the lower layer applies a PID controller
to track these commands and adjust actuator dynamics in
real time.

This architecture ensures that the system can handle con-
straints and optimize performance at a high level, while
maintaining fast and stable execution at the actuator level.
It also improves disturbance rejection and control smooth-
ness under changing conditions.

2.3 Model Predictive Control Design

The predictive controller estimates the system’s future
behavior over a short time window. At each moment, it
chooses the control input that gives the best balance be-
tween tracking the desired deceleration and keeping the
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control signal smooth. Such predictive formulations have
been widely adopted in automotive braking systems for
their ability to handle constraints and multi-variable dy-
namics [5].

J=3 @, (k) =a(k)+ 2D @k Daud)y ()

In this formula, a_, is the desired deceleration, a(k) is

ref
the predicted deceleration at future time kk, u(k) is the
control input, N, is how far ahead the controller looks
(prediction horizon), N, is how many steps it controls

(control horizon), A controls how smooth the input
changes are.

The controller also respects limits on input and output,
such as maximum brake pressure or actuator limits:

< u(k)< Uy @i < \mathrm{a(k)< a

Only the first control input is applied, and the process re-
peats at the next time step.

Z’lmin min max

2.4 PID Execution Layer

To achieve high-precision tracking of upper-level MPC
commands, a PID controller is employed in the lower lay-
er for real-time adjustment. This layer refines the control
signals generated by the predictive layer, ensuring that
the actuator accurately tracks the optimal deceleration or
pressure commands with fast response.

The PID controller is applied to the actuator input, such
as motor displacement or force, depending on the system
configuration. Its role is to reduce steady-state error and
improve system stability, especially when the system is af-
fected by small disturbances or unmodeled dynamics.

The control law is expressed as:

()= Kyelo) + & Sre(e)ae ok, 2

Among them, u(t) is the control input to the actuator ,
e(1) is the error between the reference and the actual out-

put. K,,K,,K,: are the proportional, integral, and differ-
ential gain coefficients respectively.

PID parameters can be tuned via simulation or empirical
approaches such as the Ziegler-Nichols method. In this
study, gain values are optimized to balance fast response
and minimal overshoot across different scenarios.

2.5 Scenario Adaptation Strategy

The braking control system must adapt to different road
and driving conditions to maintain stable and safe perfor-
mance. In this work, three typical scenarios are consid-

ered: dry road, low-adhesion surface, and downhill slope.
For each case, the control parameters are adjusted to meet
specific performance requirements.

On dry roads, the tire-road friction is high, allowing
stronger braking forces and faster system responses. In
this case, the controller uses a shorter prediction hori-
zon and a smaller weight on input smoothness, allowing
quicker reactions without exceeding physical limits.

On wet or slippery roads, the available friction is lower.
To reduce the risk of skidding, the controller increases the
weight on smoothness and may reduce the allowable de-
celeration range. This results in more conservative braking
behavior, which improves vehicle stability.

On downhill slopes, the vehicle is influenced by gravita-
tional force, prompting the controller to extend the predic-
tion horizon and apply consistent braking force over time,
thereby preventing excessive speed accumulation.

These conditions are common in daily driving and help
evaluate how the system responds to different levels of
grip and load. Similar considerations are discussed in
recent work on adaptive regenerative braking strategies
that dynamically adjust control behavior based on weather
conditions and driving styles [6].

3. Simulation and Results

3.1 Simulation Setup

To evaluate the performance of the proposed control sys-
tem, numerical simulations were conducted via MATLAB.
The MPC component employs a fixed prediction horizon
of 15 steps and a control horizon of 5 steps, consistent
with industrial MPC simulation practices [7].

To emulate realistic driving environments, the actuator
behavior is modeled through scenario-specific response
functions. These functions introduce parameters such as
damping, delay, and external disturbances to reflect vary-
ing physical conditions. This flexible modeling strategy
supports the evaluation of control robustness and adapt-
ability under different operational contexts.

3.2 Scenario 1: Dry Road

This simulation case corresponds to a high friction driving
environment, commonly encountered on dry asphalt roads.
Under such conditions, the road surface offers ample tire—
road adhesion, which permits the braking system to deliv-
er rapid dynamic responses. Furthermore, the likelihood
of wheel slip or loss of traction is considerably reduced.
The objective of this scenario is to assess the controller’s
ability to accurately follow the reference deceleration pro-
file when operating under ideal and controlled conditions.



Similar studies have evaluated brake control systems un-
der high-friction conditions to assess tracking precision
[8].

Due to predictable system behavior and limited distur-
bances, the MPC operates with relaxed constraints, while
the PID requires minimal compensation.

Figure 1. Deceleration tracking on dry road

The Figure 1 illustrates the tracking performance of the
braking system in achieving the target deceleration under
dry road conditions, when using the MPC and PID con-
trol architectures. Among them, the blue curve represents
the target deceleration value set by the upper-level MPC
controller (Target Value), while the orange curve shows
the actual deceleration achieved after the lower-level PID
controller drives the iBooster (The Achieved Decelera-
tion).
According to the Figure 1, the actual response initially ex-
hibited a slight overshoot and undershoot, demonstrating
the dynamic regulation characteristics of the system. The
response curve exhibits the typical characteristics of an
underdamped second-order system, gradually converging
and stabilizing around the target value of -4 m/s? within
approximately 2 seconds, with overall stable fluctuations
and good control accuracy. The total response time of the
system is less than 3 seconds, meeting the requirements
of the intelligent braking system for response speed and
steady-state performance.

3.3 Scenario 2: Slippery Surface

Slippery surfaces offer limited grip, making excessive
braking prone to wheel lockup. Thus, the braking system
employs conservative control: the MPC increases the
input smoothness weight in the cost function to reduce
abrupt force changes, while narrowing the deceleration
range to avoid exceeding road friction limits.

The PID controller in this case plays a critical role in
maintaining stability. Small disturbances in actuator be-
haviors or the interaction between tire and road can sig-
nificantly affect system performance. Thereby, the feed-
back control must be responsive and restrained.
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Figure 2. Deceleration tracking on slippery
road

Figure 2 shows the dynamic tracking performance of the
dual-layer control system for vehicle deceleration under
wet road conditions. In the figure, the yellow line rep-
resents the target deceleration, which is set at -4 m/s?, and
the blue line represents the actual deceleration response
generated by the iBooster actuator under the coordinated
action of the PID controller.

Based on Figure 2, when road surface adhesion decreases,
the system shows clear overshoot and undershoot at the
initial stage. In particular, noticeable oscillations occur
within the first 1.5 seconds. This reflects the negative ef-
fect of low adhesion on braking performance. However,
the control system reduces the error effectively within
about 3 seconds. The response gradually converges to the
target value. Similar studies have confirmed that MPC-
based controllers can maintain stability under low-adhe-
sion conditions, such as wet asphalt surfaces [10]. These
results demonstrate that the control structure has a certain
robustness and dynamic adaptability.

3.4 Scenario 3: Downhill Slope

Maintaining safe speed during downhill driving is partic-
ularly challenging due to the continuous gravitational pull
which increases forward motion. Under such circumstanc-
es, gravitational force adds to the vehicle’s forward mo-
tion. Increasing braking demand and potentially leading to
overspeed if control is insufficient.

To address this condition, the predictive controller ex-
tends the prediction horizon to better anticipate the long-
term effects of the downhill force. This allows the system
to plan braking actions over a longer time span and apply
control more gradually and consistently.

During test, the system is not only expected to achieve
target deceleration but also to maintain speed within safe
limits over time. Special attention is given to the control-
ler’s ability to avoid brake saturation and to provide a
continuous braking effect under increased load.
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Figure 3. Deceleration tracking on downhill
slope

In Figure 3, the blue curve indicates the target deceleration
set by the controller (—4 m/s?). The orange curve illus-
trates the system response under the gravitational distur-
bance caused by the downhill slope. In the beginning, the
system is affected by a continuous external force from the
slope. This leads to a clear deviation from the target value.
A minimum response appears around 0.6 seconds. After
that, the system enters a fluctuation phase. This oscillation
continues until approximately 2 seconds. Ultimately, the
system stabilized at —3.5 m/s?, leaving a steady-state error
of 0.5 m/s? due to the lack of disturbance compensation in
the current control structure. This aligns with prior find-
ings that MPC-based controllers outperform PI designs on
downbhill slopes, thanks to their ability to handle slope-in-
duced disturbances [10].

4. Conclusion

This study has proposed a hierarchical braking control
framework integrating Model Predictive Control (MPC)
and PID control to enhance deceleration performance for
intelligent electric vehicles with iBooster systems. The
strategy, rooted in an electromechanical braking architec-
ture, involves modeling actuator dynamics and vehicle
longitudinal motion, coupled with a two-layer control
design: upper-level MPC and lower-level PID. A mathe-
matical model that describes both actuator dynamics and
longitudinal vehicle motion was built. Additionally, a hi-
erarchical control framework was designed, combining a
model predictive controller at the upper level with a PID
controller at the lower level. To test the performance of
the proposed method, numerical simulations were carried
out under typical road conditions, including dry pavement,
slippery surfaces, and downbhill sections.

However, the study has limitations: it relies solely on sim-
ulations (lacking real-time control validation) and does not
account for brake actuator constraints. The control results
may change when the road condition is very nonlinear.
They may also change when there are outside forces not
included in the model. Future research should incorporate

disturbance observers and learning-based controllers to
enhance adaptability under unknown or varying road con-
ditions. Hardware-in-the-loop testing is also essential to
validate the system in real-world scenarios.

References

[1] H. Liu, R. He, S. Yang, et al., “Power Assisted Braking
Control Based on a Novel Mechatronic Booster,” SAE
Int. J. Passeng. Cars - Mech. Syst., vol. 9, no. 2, 2016.
doi:10.4271/2016-01-1644.

[2] Mei, M., Cheng, S., Mu, H., Pei, Y., & Li, B. (2023).
Switchable MPC-based multi-objective regenerative brake
control via flow regulation for electric vehicles. Frontiers
in Robotics and Al, 10, 1078253. https://doi.org/10.3389/
frobt.2023.1078253

[3] J. Wu, H. Zhang, R. He, P. Chen, and H. Chen, “A
Mechatronic Brake Booster for Electric Vehicles: Design,
Control and Experiment,” IEEE Transactions on Vehicular
Technology, vol. 69, no. 7, pp. 7040-7052, Jul. 2020, doi:
10.1109/TVT.2020.2988275.

[4] Q. F. Yan and D. Sun Feng, “Research on Multi-platform
Time Difference Location Technology,” 2020 IEEE 5th
International Conference on Signal and Image Processing
(ICSIP), Nanjing, China, 2020, pp. 813-817, doi: 10.1109/
ICSI1P49896.2020.9339328.

[5] D. Smrcka, T. Baca, T. Nascimento and M. Saska,
“Admittance Force-Based UAV-Wall Stabilization and Press
Exertion for Documentation and Inspection of Historical
Buildings,” 2021 International Conference on Unmanned
Aircraft Systems (ICUAS), Athens, Greece, 2021, pp. 552-559,
doi: 10.1109/ICUAS51884.2021.9476873.

[6] M. Ziadia, S. Kelouwani, A. Amamou, and K. Agbossou,
“Weather-Adaptive Regenerative Braking Strategy Based
on Driving Style Recognition for Intelligent Electric
Vehicles,” Sensors, vol. 25, no. 4, p. 1175, Feb. 2025,
doi: 10.3390/525041175.

[7] Qin, S. Joe, and Thomas A. Badgwell. “A survey of industrial
model predictive control technology. “Control Engineering
Practice 11, no. 7 (2003): 733-764. https://doi.org/10.1016/
S0967-0661(02)00186-7

[8] G. Wang, X. Ren, L. Zhang and B. Ahmad, “Explicit
Iteration and Unique Positive Solution for a Caputo-Hadamard
Fractional Turbulent Flow Model,” in IEEE Access, vol. 7, pp.
109833-109839, 2019, doi: 10.1109/ACCESS.2019.2933865.
[9] Seyyed Esmaeili, J.; Ba, s¢i, A.; Farnam, A. Design and
Verification of Offline Robust Model Predictive Controller for
Wheel Slip Control in ABS Brakes. Machines 2023, 11, 803.
https://doi.org/ 10.3390/machines11080803

[10] E. Druzhinina, K. Nielsen, and R. Johansson, “Experimental
verification of discretely variable compression and service
brake coordination on downhill slopes,” Proceedings of
the Institution of Mechanical Engineers, Part D: Journal of
Automobile Engineering, vol. 216, no. 4, pp. 275-283, 2002.
DOI: 10.1243/0954407021528871





