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Abstract – HIL (Hardware-in-the-Loop) simulation is widely used in the development of
automotive functional software because of its high efficiency and low cost. As one of the most
widely used automotive active safety systems, the development and testing of ABS (Antilock
braking system) are also more convenient due to the emergence of HIL. Firstly, this paper
summarizes the research status of ABS HIL simulation in recent years from the following two
aspects. Control strategies that include logic threshold control, fuzzy PID algorithm, selfoptimization control, and sliding-mode control will be introduced, and some researchers have also
conducted HIL research on the coordination control strategy of ABS with other control institutions,
such as EPS (Electric power steering) and DYC (Direct yaw-moment control). The other one is that
new type test benches were designed for developing and improving ABS. Secondly, a wheel speed
signal simulation mechanism was designed. When the dynamic electrical performance of the ABS is
tested in the laboratory, the tested vehicle is stationary and its driven wheels do not rotate. At this
moment this device can be used to simulate the driven wheel speed so as to provide basic data for
future research on the dynamic electrical performance of the ABS. Finally, this paper points out the
development trend of ABS HIL simulation.
Keywords: Hardware-in-the-loop, Antilock braking system, Control strategy, Wheel speed signal
simulation, Dynamic electrical performance.

1. Introduction
The number of vehicles around the world is
constantly increasing. In 2021, more than 80000000
vehicles were sold globally, with a year-on-year
increase of 4.96%. There is no doubt that the vehicle
has become a necessity in people's daily life.
As the most used means of transportation at

present, people pay much attention to the economy
and power of the vehicle, but the most important
thing should be the safety performance. In order to
make the driving process safer and more convenient,
almost all vehicles are equipped with many active
safety systems that include ABS. ABS is basically
composed of sensors, electronic control devices, and
actuators. Its structure is shown in Figure 1.

Figure 1: Components of ABS
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When a moving vehicle implements emergency
braking, the driver will step on the brake pedal to
the bottom subconsciously to make the vehicle stop
as soon as possible. The vehicle wheels would lock
up quickly without ABS. Locked front wheels of the
vehicle will cause the vehicle to lose its steering
ability, and the locked rear wheel will cause the
vehicle to flip tail, slip, and turn around [1]. If this
situation occurs in a vehicle equipped with ABS, the
implementation system of ABS will control the brake
to carry out the process of pressurization, pressure
retention, and pressure reduction so that the vehicle
wheel will be in a state of "sliding while rolling" and
the tire slip rate will be controlled near the target
slip rate [2].

by the wheel speed sensor to the brake
control module in the form of sending pulses.
The brake system on the bench is all physical
parts, and the caliper pressure is transferred to the
vehicle model as input. The wheel speed information
output by the model is converted into pulses by the
wheel speed simulator and then output to the brake
control module, thus forming a closed-loop bench.

Figure 2: Real-time simulation processes
Due to the low efficiency and high cost of real
vehicle testing, it has been unable to meet the
development needs of the current automobile
industry, so HIL simulation came into being. It is an
effective method used to test the functions of ECU or
system integration and communication [3]. HIL test
bench can consider influencing factors of the whole
system more comprehensively and simplify the
development process by adding complex hardware
systems which are difficult to model in the test
bench. Its processes are shown in Figure 2.
Compared with pure SIL (Software-in-the-loop)
simulation, HIL simulation can consider the delay of
electronic hardware and the inherent characteristics
of pneumatic braking systems and mechanical
systems [4-6]. Compared with real vehicle test, it has
the advantages of low cost, repeatability, and
efficiency. It has been recognized widely and
promoted rapidly in the development of electronic
control systems due to its advantages such as rapid
development, high economy and quick verification of
conclusions [7-9].
The principle of ABS HIL simulation is shown in
Figure 3. The wheel speed information is provided

Figure 3: HIL test bench of ABS

2. Development Status
The HIL simulation of ABS has been relatively
mature. Many scholars use HIL simulation to verify
the feasibility of ABS control strategies or evaluate
their performance. At present, ABS has some mature
control strategies [10], such as logic threshold
control [11], fuzzy PID algorithm [12], selfoptimization control [13], and sliding-mode control
[14-15].
The characteristic of the logic threshold control is
that it does not need to establish a specific
mathematical model of the system, and it is very
effective for the nonlinear control of the system. Lu Y
et al. designed a logic threshold control method
suitable for high adhesion coefficient pavement, low
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adhesion coefficient pavement, and docking
pavement for bus ABS and conducted HIL simulation
[16]. The test results show that the logic threshold
control which has good control accuracy and
robustness can control the wheel slip rate, prevent
various dangerous conditions caused by wheel lock
locking and reduce the braking distance to a certain
extent. LI G et al. proposed a new control strategy
that takes the slip rate as the main control objective
and the wheel angular acceleration as the auxiliary
control objective to conduct the logic threshold
control [17-19]. The HIL simulation verifies that the
strategy has good real-time performance, shortens
the braking distance and improves the braking
direction stability. It has good reference value for the
development of the ABS controller.
The fuzzy PID algorithm is the application of the
fuzzy algorithm in PID parameter tuning. ZHAO J W
et al. verified, through the HIL simulation, that the
fuzzy PID control strategy based on the identification
of road adhesion characteristics can effectively
shorten the braking distance and has good
directional stability [20-21]. LU Y et al. designed a
control system based on fuzzy PID control strategy
with ideal slip rate as the control target [22-23]. The
HIL simulation proved that the system can achieve
the goal of controlling slip rate with rapid response
and high accuracy. With the optimal slip rate as the
control objective, the logic threshold and PID
integrated controller designed by Zhao Chen et al.
makes the brake pressure change more smoothly
and maintains the wheel slip rate near the optimal
slip rate [24]. The simulation test indicates that the
controller achieves a good control effect.
The self-optimization control is to search the
optimal parameters automatically to make the
controlled index close to or reach the optimal
control. YANG S P et al. designed a self-optimization
ABS controller for three-axis vehicles applied to the
vehicle model [25]. The feasibility of the controller
was verified by HIL experiment under three
conditions: high adhesion road surface, low adhesion
road surface, and split road surface.
The sliding-mode control is essentially a special
kind of nonlinear control, and the nonlinearity is
represented by the discontinuity of control. Sridhar
N et al. proposed a new strategy for ABS application
which uses a Sliding-Mode Controller (SMC) based
on the Power Exponential Approach Law (PRERL) to
design the slip adjustment scheme [26]. The authors
evaluated the HIL experimental setup for several
road and load conditions, and the results show that
the skidding can be regulated quite accurately with
an average tracking error of 8.26%. In addition, the
controller's parking distance is reduced by 36%, and
the algorithm developed is robust to ± 40% of
quality changes and ± 15% of road surface changes.
120

Chen Z et al. designed an ABS control algorithm
based on sliding-mode control [27]. The
experimental results of HIL simulation show that the
control algorithm can ensure that the wheel slip rate
is stabilized near the target slip rate quickly, thereby
maintaining the stability of the vehicle.

Figure 4: Layout of the test system
Some scholars also conducted HIL research on
the coordinated control strategy between ABS and
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other control mechanisms. Layout of the test system
is shown in Figure 4.
LIU X G et al. carried out integrated control HIL
simulation for ABS and EPS to study the performance
of the vehicle under steering and braking conditions
[28]. XUAN S Y et al. used HIL to verify the ABS/DYC
coordinated control strategy [29-33]. The results
show that the designed control strategy can fully
improve vehicle driving safety. Zhang N et al.
proposed a multi-objective optimal coordinated
control method for ABS and AFS based on multiagent model predictive control (MPC) [34]. LI S H et
al. designed the AEB/ABS coordinated control
strategy with adhesion coefficient estimation, which
is composed of an ABS fuzzy sliding-mode controller
(SMC) and an AEB controller [35]. A HIL test bench
also was built. Nauri, I. M. et al. developed a HIL
bench based on ABS performance test bench device
equipped with a Data Acquisition System (DAQ) to
develop and improve ABS, which can read, collect
and further analyze the working parameters during
the test [36]. Tworek, A. et al. Introduced an
innovative HIL simulation bench for the brake
system and controller development [37]. It is not
only applicable to ABS research but also used to
develop the brake system, ESC, ACC control logic,
and automatic driving functions. For the high cost,
large land occupation, and low detection efficiency of
auto ABS road experiment, an auto ABS indoor bench
detection principle was proposed to make the
detection of the integrative performance of auto ABS
conveniently [38].

in this paper is mainly used in the vehicle test based
on HIL. Therefore, the wheel speed sensor
simulation device is only used to generate the speed,
not to analyze the wheel speed signal. Among them,
when the wheel speed sensor simulation device is
applied to the dynamic electrical performance test of
ABS, it is necessary to first remove the wheel speed
sensor fixed on the tested vehicle (but do not
damage the line connection to ensure the normal
operation of the signal line), and then fix the wheel
speed sensor at a certain distance above the ring
gear of the wheel speed sensor simulation device
designed in this paper. The ring gear, driven by the
control motor, is connected with the motor drive
controller through the data acquisition controller to
provide the drive signal for the control motor. The
basis of the drive signal is the vehicle system
dynamics model in the computer. Finally, the braking
force application parts and normal connection with
the brake master cylinder should be retained while
removing the brake caliper of the real vehicle to be
tested and dismantling the friction plate of the brake
caliper. After that, the force sensor will be arranged
in the middle. In this way, the brake pressure of the
brake caliper on the brake disc can be obtained,
which is multiplied by the friction coefficient to
obtain the braking force. It can be used to
dynamically calculate the wheel speed combined
with parameters such as the braking radius. The
main components of the wheel speed signal
simulator are shown in Figure 6.

3. Hardware-in-the-Loop Simulation of
ABS Dynamic Electrical Performance
The wheel speed signal during normal driving or real
vehicle test is collected by the wheel speed sensor,
and the collected signal is transmitted to the
Electronic Control Unit (ECU) by the harness. Finally,
the vehicle ECU processes the collected signal. The
process is shown in Figure 5.

Figure 5: Wheel speed signal acquisition system
The wheel speed signal simulator is designed
based on the wheel speed acquisition method of real
vehicles. The wheel speed sensor simulator designed

Figure 6: Main components of the wheel speed signal
simulator: (a) Wheel speed signals acquisition
mechanism; (b) Pressure signals acquisition
mechanism
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Figure 7: Block diagram of wheel speed signal simulation mechanism: Ⅰ. Epigynous machine; Ⅱ. Simulation
mechanisms and Ⅲ. Vehicle parts under test
When testing the dynamic electrical performance
of ABS in the laboratory, the tested vehicle is
stationary. Its driven wheels do not rotate so the
wheel speed collected from the wheel speed sensor
of the driving wheel is always zero. When the vehicle
is running normally, the driven wheel rotates with
the driving wheel of the vehicle. Therefore, when
testing ABS dynamic electrical performance, the
speed of the driven wheel needs to be simulated
through the wheel speed sensor simulation device. It
makes full use of the tested vehicle components and

applies to different real vehicles with different
mechanical structures, control systems, electrical
systems, etc. The block diagram of the wheel speed
signal simulation mechanism is shown in Figure 7.
The controller inputs the speed signal to drive
the servo motor to drive the ring gear to rotate. And
then, the oscilloscope obtains the speed signal
through the wheel speed sensor. Four groups of
induced voltage signals in Figure 8 are obtained by
changing the speed of the ring gear and the
installation distance from the wheel speed sensor.

Figure 8: Test results of wheel speed signal simulation mechanism
122
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The parameters corresponding to each signal are
as follows:
• Figure 8 (a): speed: low speed, installation
distance: 0.7 mm;
• Figure 8 (b): speed: high speed, installation
distance: 0.7 mm;
• Figure 8 (c): speed: high speed, installation
distance: 3mm;
• Figure 8 (d): speed: low speed, installation
distance: 3mm.
According to the results of the wheel speed signal
simulation test, the device can simulate both highspeed and low-speed wheel speed signals.

It can be seen that excessive distance between
the wheel speed sensor and the ring gear will lead to
large signal errors collected by the wheel speed
sensor.
Electrical signals collected from the wheel speed
sensor have to be processed to obtain the wheel
speed. First, as shown in Figure 9, the collected sine
wave signal will be converted into the square wave
with the same frequency and ensure that the duty
cycle of the square wave is moderate. And then, the
wheel speed can be calculated from the square wave
signal.

Figure 9: Square wave signal diagram

4. Development Trend
In terms of the market, HIL simulation of ABS will be
more widely used. Because of its economy and
safety, HIL simulation has been applied to many
industries, and the automotive industry occupies
more than half of the market share. What can be seen
from the second section of this paper is that HIL
simulation has played a crucial role in the
development of ABS. With the recovery and
development of the automotive industry, it has great
development potential.
Technically, the hardware integration of HIL
simulation and the improvement of its simulation
environment are the key points of future

development. There are many companies that are
producing HIL simulation tools and the data
interfaces of hardware produced by each company
are different. When they are integrated, the data
interfaces between them need to be customized and
developed, which reduces the efficiency of HIL
simulation. Therefore, the data interface of the HIL
simulation tool should be gradually unified.
Furthermore, how to improve the similarity between
the simulation environment and the real driving
environment is also the focus of HIL simulation
development. At present, the vast majority of HIL
simulations are based on a certain number of
designated working conditions, and other vehicles
except the tested vehicle are moving according to the
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predetermined trajectory, while the real driving
environment will be more complex and changeable.
Therefore, HIL testing should constantly improve the
simulation environment to improve the reliability of
the controller developed through HIL simulation.

5. Discussions
The wheel speed signal simulation mechanism
designed in this paper can meet the expected
demand, but there are some errors in the
experimental results, considering the following two
reasons:
(1). The distance between the wheel speed
sensor and the gear is too large. Experimental results
show that when the installation distance exceeds a
certain range, the measured wheel speed error is
large, which is the main error source;
(2). The experimental mechanism itself has some
errors in structure and assembly. Errors brought by
this part are small, but this mechanism will be
improved and perfected in subsequent research.

6. Conclusions
This paper first introduces HIL simulation and its
application in ABS and then gives an example: a
wheel speed signal simulation mechanism. Finally,
the following conclusions have been drawn:
HIL simulation plays an important role in the
development and evaluation of ABS, and will be used
more widely in the future;
In order to ensure the accuracy of the test results,
it is necessary to ensure the similarity between the
simulation environment and the real environment,
which has high requirements for the simulation
mechanism and vehicle dynamics model, and is also
a direction for continuous improvement.
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