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Automotive chassis control technology plays a crucial role in ensuring the stability, performance, and safety of
vehicles. This paper reviews and discusses automotive steering/braking/driving/suspension systems from
perspectives of system composition, the state of the art, and key technologies. Detailed analysis is conducted on
critical techniques related to system fault tolerance, road feel feedback, brake force distribution strategy, electric
motors, and motor controllers.The development and application of automotive chassis control technology is in line
with the goals and objectives for the advancement of the automotive industry in terms of innovation, safety, and

environmental sustainability.

steering by wire braking by wire driving by wire suspension by wire

| 1.Introduction

Automotive chassis control technology plays a crucial role in ensuring the stability, performance, and safety of
vehicles. It encompasses a range of systems and components that work together to manage and optimize various
aspects of a vehicle's dynamics, including suspension, steering, braking, traction, and stability control. These
systems not only enhance the driving experience but also contribute to preventing accidents and improving overall
vehicle safety.With the advancement of autonomous driving technology, the implementation of autonomous driving
functions relies on the coordinated cooperation of the perception layer, decision layer, and execution layer, thus
posing higher demands on vehicle chassis that integrate all control functions in the execution layer. The wire-
controlled chassis upgrades mechanical transmission control to wire-controlled, which meets the real-time, safety
redundancy, high-performance, and intelligent requirements of autonomous driving technology in the chassis level

for electrical signal transmission.

Throughout history, chassis control technology has significantly evolved. Initially, simple mechanical systems were
used to provide basic suspension and steering functions. However, with advancements in technology, the
sophistication and capabilities of these systems have increased exponentially. Today, automotive manufacturers
employ diverse types of suspension systems, such as independent and active suspensions, to deliver superior ride
comfort and handling performancell.The steering system is another pivotal component of chassis control
technology. Traditional steering mechanisms, such as rack and pinion systems, have been replaced by electric
power steering (EPS) in modern vehicles. EPS offers improved precision, control, and fuel efficiency, making it an
integral part of contemporary chassis control systems!2. Additionally, steer-by-wire technology is gaining attention,

enabling electronic control of steering, further revolutionizing the driving experience.
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One cannot overlook the significance of braking systems within the realm of chassis control. The braking system
ensures the vehicle's ability to decelerate and stop safely. Traditionally, hydraulic braking systems have been used,
but advancements such as anti-lock braking systems (ABS) and regenerative braking have been introduced. ABS
prevents wheel lock-up during emergency braking situations, enhancing control and stability. Regenerative braking,
commonly found in electric and hybrid vehicles, converts kinetic energy into electrical energy, increasing overall
efficiencyl®ITraction and stability control systems play a pivotal role in maintaining vehicle stability and preventing
accidents. Traction control systems manage wheel slip during acceleration, ensuring maximum traction even on
slippery surfaces. Electronic Stability Control (ESC) combines various sensors and control mechanisms to
automatically detect and correct lateral skidding or loss of controll. It is an essential safety feature in modern
vehicles, significantly reducing the risk of rollovers.Automotive chassis control technology encompasses various
systems and components that work together to improve vehicle performance, stability, and safety. From
suspension and steering to braking and traction control, each component plays a crucial role in ensuring a smooth
and safe driving experiencel®l. With advancements in technology, the integration and communication between

these components have become more sophisticated, promising even more exciting developments in the future.

However, wire-controlled chassis systems still face some challenges. For example, the cost of hardware
redundancy design and software redundancy design is relatively high, requiring a balance between reliability, cost,
and performance. In addition, the safety and reliability of wire-controlled steering systems still need to be improved.
Since wire-controlled braking systems rely on controllers to achieve system control, factors such as controller
reliability, anti-interference, fault-tolerance, and real-time response between multiple control systems
communication all have the potential to impact brake control. However, with the continuous development of
technology, future wire-controlled chassis technology is expected to become more mature and reliable, making

greater contributions to the development of the automotive industry.

| 2.Automotive Steering-by-Wire System.

As shown in Figure 1, the automotive steering system has gone through several stages including a mechanical
steering system, hydraulic-power-assisted steering (HPS) system, electro-hydraulic-power-assisted steering
(EHPS) system, electric-power- assisted steering (EPS) system, and a steer-by-wire (SBW) system [67], The wire-
controlled steering system eliminates the mechanical connection between the steering wheel and the steering

wheel compared to EPS [8-13],
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Figure 1. (left) The development of automotive steering system; (right) Concept of steering by wire.

Major automobile manufacturers and suppliers around the world have conducted in-depth research on wire
controlled steering systems, and internationally renowned suppliers such as TRW (TRW Automotive Holdings
Corp), Delphi, and ZF have manufactured physical prototypes for experimental research. International famous
automobile manufacturers such as Mercedes Benz, BMW, General Motors, etc. , exhibited a concept car with a
steer-by-wire system. In the late 1960s, Kasselmann in Germanys started to develop steering-by-wire system. In
1990s, Benz initiated its study in front wheel steering study, and applied the steer by wire system on Concept
Vehicle "F400 Carving”. In 2000, BMW applied steering by wire in Concept Vehicle “BMW Z22", and the steering
angle was reduced to 160 degrees. In 2013, Infinity Q50 applied steer-by -wire technology, in which two motors
and three inter-monitored ECU were utilized to realize steering. In 2017, Schneider in USA developed steering-by-
wire system composed of a “silent steering wheel system” and “on-demand steering system”.At present, the
research on the wire-controlled-steering system in China is gradually moving from theory to practice, and some

progress has been made 14,

The wire-controlled-steering system is divided into three parts: the steering wheel module, the steering execution
module, and central control unit (ECU) 1%, The steering wheel module includes components such as the steering
wheel torque, angle sensor, road sensing motor and its reducer [18l: The steering execution module includes
components such as the linear displacement sensor, angle sensor, steering motor, and its deceleration
mechanism; In addition, the wire-controlled-steering system also includes components such as a steering controller
and power supply®”.The steering wheel module (i.e. steering wheel) is used to receive the driver's steering
control; The steering wheel torque sensor and angle sensor are used to collect the torque, angle, and speed input
by the driver through the steering wheel; The road sensing motor and its reducer provide the driver with road
sensing information and output the return torque of the steering wheel.The steering execution module includes
various sensors, and the linear displacement sensor is used to collect the linear displacement signal of the steering
actuator and convert it into a front wheel angle signal; The angle sensor is used to collect the angle information of
the steering wheel; The steering motor and its deceleration mechanism are used to overcome steering resistance
and drive the steering system to rotate through the corresponding angle; The gear rack steering gear is used to
receive and amplify the output torque of the steering actuator motor, driving the steering wheel to turn.The steering

controller consists of multiple controllers. The steering wheel module controller collects relevant signals from the
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steering wheel module, receives target return torque signals, and sends control signals to the road sensing motor;
The steering execution module controller is responsible for collecting relevant signals from the steering execution
module, receiving target steering wheel angle signals, and sending control signals to the steering motor 8. The
wire-controlled-steering system shares a battery power supply with other electrical equipment in the vehicle.

Currently, the mainstream power supply for the vehicle is 12V, and 48V will be the future development trend.

According to the number, arrangement position, and control method of steering motors, the typical layout of wire-
controlled steering systems can be divided into five categories, namely single motor-front wheel-steering, dual-
motor front-wheel steering, dual-motor independent front-wheel steering, rear-wheel wire-controlled steering, and
four-wheel independent steering.The dual motor front wheel steering arrangement has good redundancy and
requires less power for a single motor. Infiniti Q50 adopts this arrangement, but the cost of parts in this form
increases and the redundancy algorithm is complex.The working schematic of wire-controlled steering is shown in
Figure 2.When the driver turns the steering wheel, the angle displacement sensor converts the driver's intention
into a digital signal, along with other signals of the vehicle, such as speed signals. Transmitted to the ECU through
the bus, the ECU calculates the front wheel angle based on the set algorithm and transmits this signal to the
steering motor to complete the steering. In addition, after obtaining the steering resistance information through the
steering resistance sensor, the ECU transmits the magnitude of the return torque to the driver for road feel

feedback based on the return torque algorithm.
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Figure 2. Schematic diagram of steering by wire.

| 3.Automotive Braking by Wire System

At present, the main research on wire-controlled braking systems at home and abroad are Electronic Hydraulic
Braking (EHB) systems, electronic mechanical braking (EMB) systems, and hybrid wire-controlled braking (HBBW)
systems, among which the EHB system is the most mature and currently in mass production stagel®-
22] Previously, the brake-by-wire system was mainly divided into three types: the first was the Electronic Hydraulic
Brake (EHB) system, the second was the Electronic Mechanical Brake (EMB) system, and the third was the Hybrid
Brake by Wire (HBBW) system[23-24],
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The EHB system is developed on the basis of traditional hydraulic braking systems, using a comprehensive
braking system module (motors, pumps, high-pressure accumulators, etc.) to replace the pressure regulation
system in traditional braking systems and ABS module that can generate and store brake pressure, and can
separately adjust the braking torque of four tires via individual adjustment!?®]. The EMB system completely
eliminates components such as brake fluid and hydraulic pipelines of traditional brake systems, and is driven by an
electric motor. The brake generates braking force, which is truly a wire-controlled braking system. There is no
hydraulic drive and control part in the EMB system, and the mechanical connection only exists between the motor
and the brake caliper. The driving part transmits energy through wires and signals through data cables!?6-27 The
mainstream layout of the Hybrid Brake by Wire (HBBW) system is to use an Electronic Hydraulic Brake (EHB)
system on the front axle and an Electronic Mechanical Brake (EMB) system on the rear axle;The front axle adopts
an EHB system to achieve single wheel braking force adjustment of the front wheel, while relying on the EHB
installed on the front axle implement brake failure backup to meet safety and reliability requirements; The rear axle
adopts an EMB system, which can reduce the length of the brake pipeline and eliminate the uncertainty caused by
the excessively long pipeline during pressure control; on the other hand, it can make the electronic parking brake
(EPB) more convenient and fast?8. The automotive Electronic Hydraulic Braking system (EHB) is mainly composed
of a hydraulic control module, brake pedal module, control unit HCU, brake, various sensors, etc. [29. The working
process of the EHB system mainly involves controlling the pressure supply unit and the high-speed on-off valve,
generating and storing brake pressure, and adjusting the brake torque of the four tires separately®%. The electronic
mechanical braking system (EMB) for automobiles mainly consists of wheel brake modules, central electronic
control units (ECU), brake pedal modules, communication networks, power supplies, and other components. The
EMB system replaces hydraulic components with electronic components, which is an electro-mechanical integrated
system. The system controls the current level of the brake motor through an electronic control unit, and clamps the
friction discs from both sides through the brake clamps to achieve wheel braking.The key technologies that limit the
mass production and application of EMB systems include redundant design and fault-tolerant control, clamping
force control technology, reliability of brushless motors in complex environments, and innovative and miniaturized
gearing mechanisms. Based on the vehicle dynamic control system of the EMB system, which is distinct from
closed-loop control based on hydraulics, the development of an entirely new dynamic model and vehicle

coordination control algorithm is necessary.Figure 3 presents the system architectures of EHB, EMB, and HBBW.
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Figure 3. EHB, EMB and HBBW system.

There are already some mature algorithms such as PID, SMC, MPC, etc., which have successfully helped the

integrated line control system achieve power cylinder pressure control. Todeschini of the Polytechnic University of
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Milan and others proposed a position pressure hybrid switching power cylinder control strategy for the self-
designed brake-by-wire system. In the position control mode, they quickly controlled the motor to rotate fully to
overcome the brake system's idle stroke, and in the pressure control mode, they used variable parameter PID. The
closed-loop control accurately adjusts the pressure of the power cylinder, effectively improving the pressure

regulation rate of the active braking system of this configuration [31-32],

| 4.Automotive Driving by Wire System

For internal combustion engine vehicles, the wire-controlled throttle system has replaced the traditional throttle
system, and more than 99% of vehicle models on the market are equipped with a fuel-control door system. For
new energy vehicles, the mainstream driving solutions currently include centralized motor drive and step-by-step
motor drive, and the centralized motor drive solution has received a large number of applications, but is developing

towards distributed motor drive represented by wheel edge and hub motors[33-36],

The wire-controlled throttle system is composed of the throttle pedal, pedal displacement sensor, electronic control
unit, data bus, servo motor, and throttle actuator. The drive-by-wire system consists of the electronic control unit
(ECU), power converter, drive motor, mechanical transmission system, drive wheel, etc.. The wire-controlled drive
system structure for new energy vehicles is mainly divided into three types: centralized drive, central transmission
drive, and distributed drive. At present, electric drive bridge technology, wheel edge deceleration drive, and hub
motor direct drive technology are mainstream structures!37-3% The wire-controlled throttle is controlled by a cable or
wire harness to control the throttle opening. On the surface, it replaces the traditional throttle cable with a cable, but
in essence, it is not just a simple change in the connection method, but can achieve automatic control of the entire

vehicle's power output#9-42],

The driving control of pure electric vehicles is achieved through a control strategy program embedded in the
vehicle controller. Based on the input signals of each sensor, the vehicle's operating conditions are determined and
the target torque of the driving motor under each operating condition is determined®3l. Then, the target value is
sent to the motor controller (MCU) through CAN bus, and the motor controller controls the motor according to the
received commands to ensure normal driving of the vehicle!*4. The hub motor drive system can be flexibly placed
in the wheels of various electric vehicles, directly driving the hub to rotate. Compared with traditional centralized
driving methods such as internal combustion engines and single motors, its technical advantages and
characteristics in power configuration, transmission structure, handling performance, energy utilization, etc., are

extremely obvious!#2].

Hub motors are mainly divided into two types: outer rotor motors and inner rotor motors, with differences mainly
reflected in the presence or absence of a reduction structure. The inner rotor hub motor and wheel edge motor
converge in transmission structure, with the main difference being that the inner rotor motor is integrated with the
hub, while the wheel edge motor is placed on the wheel edgel®. The schematic diagram of the hub motor drive

device is shown in Figure 4. Overall, the application of wheel hub motors has the advantages of high integration,
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flexible driving, and being in line with the development of intelligent vehicles and platform generalization
applications!47],
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Figure 4. Schematic diagram of hub motor drive

| 5.Automotive Suspension by Wire System

During vehicle driving and riding, handling and comfort are two important evaluation indicators, which are difficult to
balance. Control by wire suspension is the process of automatically adjusting the height, stiffness, and damping of

the suspension according to the actual road conditions to achieve precise control of the driving attitudel*8].

According to the actuator, from the perspective of technological maturity and equipment rate, air springs and CDC-
type wire-controlled shock absorbers are the most common. The MRC shock absorber has good shock absorption
effect and fast response speed!“?-2%. There will be good development space after the price drops in the later stage.
Due to its strong substitutability, the necessity of equipping the wire controlled anti-roll bar is relatively low.Figure 5
illustrates the basic structure of an air suspension system.According to the degree of additional external force
intervention, an automotive suspension system can be classified as follows: passive, semi-active and full active.
The cost of semi-active control is lower than that of full active control, its performance is close to that of a full active
suspension system, and it has reliable fault state adaptability, which is the mainstream of the current market(®1l.
With the improvement of the level of automatic driving and the access of various sensors, the popularity of full
active suspension will increase day by day!®?l.
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Figure 5. Basic structure of air suspension

The wire-controlled suspension system usually has two sets of information collection and control systems in
parallel, and solving the control coupling of different systems under different road conditions is its control difficulty;
The current mainstream control scheme is that the wire-controlled spring is generally adjusted in steady-state, and
the wire-controlled vibration reduction is generally adjusted in real-time.The wire-controlled suspension control
system is a closed-loop adaptive control system that does not have an optimal solution. The core parameters need
to be continuously calibrated during the calibration process based on simulation models and actual vehicle test
results.PID (proportional, integral, differential) control is the most widely used and mature control method in the
control field, which is widely used in the active and semi active suspension of vehicles®3l. The adjustment of
proportion (single adjustment amplitude), integration (elimination of static error), and differentiation (reflecting the

trend of input signal change) parameters can be achieved through simulation testing and actual vehicle testing
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