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Abstract: Automotive chassis control technology plays a crucial role in ensuring the stability, perfor-
mance, 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 applica-
tion 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.
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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 [1].

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 performance [2].

The steering system is another pivotal component of chassis control technology. Tra-
ditional 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 [3].
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Additionally, steer-by-wire technology is gaining attention, enabling electronic control of
steering, further revolutionizing the driving experience.

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. Tra-
ditionally, 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. Regen-
erative braking, commonly found in electric and hybrid vehicles, converts kinetic energy
into electrical energy, increasing overall efficiency [4].

Traction 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 control [5]. 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 experience [6]. With advancements in technology, the integra-
tion and communication between these components have become more sophisticated,
promising even more exciting developments in the future.

The article provides a comprehensive review and discussion on automotive steer-
ing/braking/driving/suspension systems, analyzing their system composition, techno-
logical status, and key technologies. Firstly, it introduces fault-tolerant techniques in
wire-controlled systems, including hardware redundancy and software redundancy. Hard-
ware redundancy backup can improve system reliability, while software redundancy relies
on fault-tolerant algorithms in the controller to increase system redundancy. These two
types of redundancy techniques have strong complementarity, and this complementary
design ensures that the system can maintain a high performance level when facing a fault,
greatly reducing the risk caused by failures and providing strong support for improving the
stability and reliability of wire-controlled systems. The article focuses on wire-controlled
braking systems and introduces an optimized braking force distribution strategy to ensure
vehicle safety and stability. This strategy not only improves braking efficiency but also
enhances vehicle stability. In addition, it introduces the application of in-wheel motor
drive systems in wire-controlled driving systems. This system can be flexibly placed on the
wheels of electric vehicles and has the advantages of high integration and flexible driving.
Motor controller technology using carbon silicon is suitable as a power semiconductor
material, and although it currently faces the challenge of high costs, its excellent thermal
conductivity and electrical conductivity make it have broad application prospects in motor
control systems. Furthermore, for wire-controlled suspension systems, key technologies
include passive fault-tolerant control and active fault-tolerant control. Passive fault-tolerant
control designs fixed fault-tolerant control laws in advance for predefined faults, resulting
in relatively low implementation time and costs. Active fault-tolerant systems are based on
FDD (fault detection and diagnosis), where a diagnostic unit detects and diagnoses faults
when a system failure occurs. Control feedback or feedforward controllers then obtain
appropriate fault-tolerant control laws to ensure the stability of the closed-loop system.
The application of these two technologies greatly improves vehicle handling performance
and ride comfort.

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
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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
2.1. The State of the Art

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 [7,8]. The wire- controlled steering system
eliminates the mechanical connection between the steering wheel and the steering wheel
compared to EPS [9-14].

Steering by Wire System
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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 sup-
pliers such as TRW (TRW Automotive Holdings Corp), Delphi, and ZF have manufactured
physical prototypes for experimental research. International famous automobile manufac-
turers 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 re-
duced 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 [15].

The wire-controlled-steering system is divided into three parts: the steering wheel
module, the steering execution module, and central control unit (ECU) [16]. The steering
wheel module includes components such as the steering wheel torque, angle sensor, road
sensing motor, and its reducer [17]; 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 [18].

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.
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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 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 [19].

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 in-
tention 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.

i steering i
(steering torque r—->| steering wheel I preer ']“g p—— 5! steering motor |
angle
steering by wire system sear I 4
. ECU D l gear assemble |
| road-feeling motor I :i;?l:f angle 1
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steering execution
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* . front wheel
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Figure 2. Schematic diagram of steering by wire.

2.2. Key Technologies
(1) Fault tolerance

The probability of faults such as open circuit of switch tubes, abnormal rotary trans-
former signals, and abnormal temperature sensors in the motor is high, which also has
a significant impact on the system. Short circuits, open circuits, and mechanical faults
in sensors have a significant impact on the system, but their occurrence frequency is not
high [20-22]. Poor contact of connectors in the communication bus has a significant impact
on the system and a high probability of occurrence [23].
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Current fault-tolerant methods can be divided into two categories from a technical
perspective: one is based on hardware backup redundancy technology, and the other is
based on software fault-tolerant algorithm technology. The hardware redundancy method
mainly improves the fault tolerance performance of the system by providing backup for
important components and vulnerable components; The software redundancy method
mainly relies on the fault-tolerant algorithm of the controller to improve the redundancy of
the entire system, thereby improving the fault-tolerant performance of the system [24,25].

Hardware backup technology and software fault-tolerant technology are highly com-
plementary; Hardware backup technology can enhance the reliability of fault-tolerant
control technology at the hardware level; Software fault-tolerant technology can reduce the
space and volume requirements of the steering system caused by hardware redundancy.
The future wire-controlled steering system will be a highly intelligent system with both
hardware backup and fault tolerance algorithms [26-28].

(2) Road feeling feedback

Due to the SBW system’s inability to provide the driver with inherent steering feel,
there is a risk of misoperation by the driver resulting in traffic accidents. Therefore, road
feeling simulation technology is required to provide the driver with feedback information
from the road surface. By obtaining feedback information about the road and steering
wheel through the hand feel on the steering wheel, the driver can help complete driving
tasks such as turning and lane changing. The resistance torque that the driver needs to
overcome when turning the steering wheel mainly includes two aspects, namely, return
torque and Friction torque, while the road sense feedback torque includes return torque
and Friction torque. To enable the driver to experience a realistic road feel, the essence is
to control the data and information from lower-level motors and sensors through upper-
level road feel motors using appropriate strategies, simulating and transferring them to
the steering wheel to provide the driver with feedback torque from the road surface and
steering wheel realignment torque. The methods for obtaining feedback torque of road
feel include parameter fitting, sensor measurement, and dynamic model-based methods,
with the third being the mainstream of current research [29,30]. Return torque control
technology is an evaluation criterion for the quality of SBW systems and the basis for active
steering research. The core issue in this research is how to improve the return torque to
achieve the same effect as the power steering system.

Based on the dynamic model method, according to the vehicle dynamic response,
driver steering wheel, input and other states, the vehicle dynamics model is used to estimate
the tire return torque and the feedback torque to be compensated, and then calculate the
expected feedback torque command [31].

The wire-controlled steering system has the advantages of improving handling sta-
bility, improving comfort, energy conservation, and environmental protection, improving
passive safety, and facilitating vehicle lightweight. However, the safety and reliability
of the wire-controlled steering system have always been the core obstacles hindering
its implementation.

3. Automotive Braking by Wire System
3.1. The State of the Art

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 stage [32-35].

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 [36,37].

The EHB system is developed on the basis of traditional hydraulic braking systems,
using a comprehensive braking system module (motors, pumps, high-pressure accumu-
lators, etc.) to replace the pressure regulation system in traditional braking systems and
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Brake pedal sensor

service
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ABS module that can generate and store brake pressure, and can separately adjust the
braking torque of four tires via individual adjustment [38]. 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 [39,40].

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 [41].

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. [42]. 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 [43].

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.

Brake pedal sensor

Brake pedal

sensor

\_‘ service

Wheel brake valve

module

(a) EHB system

Wheel brake
module

(b) EMB system (c) HBBW system
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 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
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the power cylinder, effectively improving the pressure regulation rate of the active braking
system of this configuration [44,45].

3.2. Key Technologies
(1) Optimal distribution strategy of braking force

The purpose of braking force distribution is to calculate the braking forces of four
wheel brakes based on the vehicle load, actual road conditions, and operating conditions
at the moment when the driver presses the brake pedal, in order to ensure the safety and
stability of the vehicle while obtaining the shortest stopping distance [46,47].

The relationship between the pedal displacement, pedal force, and brake pressure
in the traditional hydraulic brake system can be inferred from the relationship between
the pedal force and brake deceleration in the EMB system, and a relationship curve can
be established.

Due to factors such as tire and road adhesion coefficient, the maximum ground braking
force of the wheels should not exceed the adhesion force [48]. When the local braking force
exceeds the adhesion force, the wheels may experience lock-up and slip, and there may be
phenomena such as front wheel lock-up or rear wheel lock-up.

When a car brakes, the tires not only roll but also slide, and the magnitude of the slip
rate is related to the coefficient of adhesion to a certain extent; In an ideal state, there is a
linear relationship between the braking force of the front and rear brakes when a car brakes,
but there may be some deviation in actual situations.

(2) System safety and fault tolerance

The application of EMB systems has always been greatly affected by safety and relia-
bility, as the failure of any electronic signal may bring catastrophic consequences. Therefore,
system safety and fault tolerance technology are particularly important, including software
redundancy and hardware redundancy [49,50].

Considering the real-time performance and cost of the EMB system, the dynamic
redundancy of hot backup is the best choice. Double redundancy design of the brake
pedal module, ECU module, communication network, and power module can effectively
improve the reliability of the system [51].

The EMB system brake pedal module adopts a dual redundant structure, with two
identical machines working simultaneously. The work results are compared, and output is
based on the predetermined self-diagnosis strategy and fault judgment strategy.

4. Automotive Driving by Wire System
4.1. The State of the Art

For internal combustion engine vehicles, the wire-controlled throttle system has re-
placed 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 [52-55].

The wire-controlled throttle system is composed of the throttle pedal, pedal displace-
ment 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. [56]. 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 [57-59].

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
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essence, it is not just a simple change in the connection method, but can achieve automatic
control of the entire vehicle’s power output [60-62].

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 [63]. 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 [64].

4.2. Key Technologies

(1) Efficiency improvement of permanent magnet synchronous motor

To improve NVH performance, electric vehicle drive motors generally choose designs
with multiple poles and high rotational speeds; Due to the higher rotational speed leading
to higher iron loss, the loss control of ordinary silicon steel sheets in the high-frequency
region is relatively weak. The loss can be reduced by reducing the thickness of silicon steel
sheets [65,66].

The use of high-efficiency silicon steel sheets can reduce iron loss, but it is still necessary
to optimize the copper loss of the motor at low speed and high torque. One method is to
use a card-issuing motor. The scientific name of the card-issuing motor is Hairpin motor,
which is a type of flat wire motor with winding ends similar to the card- issuing motor.
The card-issuing motor has low copper consumption and high efficiency. Currently, Toyota,
and Dianzhuang have adopted the card-issuing motor scheme [67].

(2) Hub Motor Technology

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 [68].

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 edge [69]. 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, flexible driving, and being in line with the development
of intelligent vehicles and platform generalization applications [70].

Brake disc

Shielded
sealing shell

Power and
control unit

Wheel bearing

Caliper

Capacitive ring

Single tooth

stator
External

rotor
Wheel

Figure 4. Schematic diagram of hub motor drive.
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Material and process innovations may break through the constraints of electromag-
netic load on motor volume in hub motors. Further research and development of high-
permeability, low-loss magnetic materials, low-resistivity conductive materials, high-
thermal conductivity insulating materials, and low-density, high-strength structural materi-
als can reduce motor losses and mass, improve heat transfer within the motor, and increase
power/torque density in hub motors. Innovations in motor processing will achieve low-
loss, lightweight, and high-cooling-efficiency designs in motors based on existing materials
through different process structures. In the future, motor design will no longer be a simple
electromagnetic or structural design, but a true multidisciplinary design that pushes the
limits of motor performance.

(3) Motor controller

Silicon carbide (SiC) is very suitable as a material for power semiconductors due to its
strong bandgap, thermal conductivity, and insulation capabilities. It is easier to achieve
low loss, high switching frequency, and high junction temperature compared to silicon
(Si)-based devices, and the increase in temperature has little effect on switching loss [71].
Its good output characteristics are more suitable for traction conditions. Although the high
cost is the main obstacle it faces, with the decrease in material prices and the improvement
of production processes, SiC devices will reduce the cost of electronic control products in
the dimensions of efficient operation, component savings, and chips [72-75].

5. Automotive Suspension by Wire System
5.1. The State of the Art

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 attitude [76].

According to the actuator, from the perspective of technological maturity and equip-
ment 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 [77,78].
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.

Luftleitungen
Air lines

Elektrische Verbindung
Electrical connection

FlexRay-Bus
Flexray bus

Figure 5. Basic structure of air suspension.

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 [79]. With the improvement of the level of automatic
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driving and the access of various sensors, the popularity of full active suspension will
increase day by day [80].

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 [81]. The adjustment of proportion (single adjustment amplitude), in-
tegration (elimination of static error), and differentiation (reflecting the trend of input signal
change) parameters can be achieved through simulation testing and actual vehicle testing.

5.2. Key Technologies Regarding Fault Tolerance

When the wire-controlled suspension system malfunctions, the parameters of Kp,
Ki, and Kd set in the early stage of PID suspension are fixed values and cannot quickly
adapt to changes. Therefore, a fault-tolerant mechanism is needed to perform gain and
compensation processing on the control signal.

Passive fault-tolerant control mainly designs fixed and invariant fault-tolerant control
laws for pre-known fault types, so that the system is not sensitive to preset faults (such
as sensor failure) [82]. This method does not require pre-diagnosis of faults or real-time
adjustment of control laws, and the implementation time and cost are relatively low.

The theoretical basis of active fault-tolerant systems is FDD (Fault Self-Test Feedback
System). When a system malfunctions, the diagnostic unit detects and diagnoses it, and con-
trols the feedback/feedforward controller to obtain appropriate fault-tolerant control laws,
ensuring the stability of the closed-loop system. In the implementation process of active
fault-tolerant control system, the system model is first established, and based on this, a sys-
tem fault model is established: An FDD system is designed based on system characteristics,
and then a fault-tolerant control law is designed based on compensation rules.

In addition to conventional chassis support and shock absorption, wire-controlled sus-
pension has been extended to the driver’s cabin and seat of commercial vehicles due to its
good load adaptability and low natural frequency, greatly improving long-distance driving
comfort and fatigue resistance. The wire-controlled suspension can meet the requirements
of driving smoothness and vehicle handling under different working conditions. However,
due to its complex structure, it has a certain negative impact on the failure rate, safety risks,
and energy consumption of the entire vehicle.

6. Discussion

Chassis by wire technology, an advanced automotive technology that relies on an
electronic control system to regulate the chassis of a vehicle, has the potential to enhance
vehicle handling performance, comfort, and safety.

Through an introduction to the chassis by a wire system, the key technologies and
development status of steer-by-wire steering, and braking, drive and suspension systems
can be comprehensively reviewed, shedding light on the current state of each system and
areas for improvement. To further develop the chassis steer-by-wire system, advancements
may be made in the following areas:The security and reliability of steer-by-wire technol-
ogy has long been a fundamental obstacle to its implementation, which can be improved
through hardware redundancy and fault-tolerant algorithms. Future steer-by-wire systems
are expected to be highly intelligent platforms that integrate hardware redundancy and
fault-tolerant algorithms. With the evolution of technology and the continuous upgrading
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of vehicle control systems, steer-by-wire technology will gradually become the mainstream
trend in the automotive industry. The application of emerging technologies such as arti-
ficial intelligence, vehicle networking, and autonomous driving will further enhance the
intelligence of steer-by-wire systems.

The dynamic system of line control can be classified into EHB and EMB. It is expected
that EHB will prevail as the mainstream scheme for a considerable period in the future,
while EMB may encounter difficulties in commercialization in the short term due to issues
such as redundancy and backup challenges.

Another prominent feature is the hub motor system, which has the distinct advantage
of simplifying the vehicle architecture, increasing available space, and enhancing transmis-
sion efficiency, all while integrating the steering, braking, and drive functions into a single
system. Additionally, in terms of suspension, it is flexible in adjusting the body height and
stiffness of the suspension system to enhance vehicle passability or handling performance.

7. Conclusions

Automotive chassis control technology refers to the various systems and components
that are responsible for controlling and managing the movement, stability, and performance
of a vehicle’s chassis. These technologies play a crucial role in ensuring the safety, comfort,
and overall driving experience of a vehicle.

(1) Steering by wire: At present, the technology of steer-by-wire systems is mainly in the
research and development stage. From the perspective of vehicle manufacturers, only
the Infiniti Q50 has been equipped with this technology in mass production, and Pan
Asia and Tongji University jointly carry out pre-research and development, without
cooperation with component manufacturers. From the perspective of suppliers, Bosch,
ZF Friedrichshafen, and other manufacturers are actively developing and making
samples, but they have not been equipped in the whole vehicle. Bosch’s line-control
steering system adopts a dual-redundancy, full-backup scheme.

(2) Braking by wire: At present, the mainstream route for launching control technology
in the market is the Electronic Hydraulic Brake (EHB) system, and there are already
several mass-produced products, such as Bosch’s iBooster and mainland’s MK C1. The
Electronic Mechanical Braking (EMB) system is still in the research and development
stage due to its immature technology.

(3) Driving by wire: For traditional internal combustion engine vehicles, the drive-by-
wire technology (throttle-by-wire) is currently widely used in passenger cars and
commercial vehicles, with a market share of over 99%; For new energy vehicles,
wire-controlled drive technology has been fully applied and is currently in the stage
of centralized motor drive. With the improvement of electrification level, the future
will develop towards distributed drive represented by wheel edge motors and wheel
hub motors.

Suspension by wire: Although the wire-controlled suspension can automatically ad-
just the stiffness of the wire-controlled spring, body height, and shock absorber damping,
it is currently a non-rigid configuration due to weight, cost, and reliability reasons, mainly
equipped in C-class and D-class vehicles. Therefore, for vehicle manufacturers, the assem-
bly priority of wire-controlled shock absorbers is the highest, followed by wire-controlled
springs, and finally by wire-controlled anti-roll bars. In terms of development poten-
tial, wire-controlled air springs and, CDC/MRC type lines are possibilities. The future
development prospects of controlled shock absorbers are relatively good.
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