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Abstract - With the development of autonomous driving technology, the ESP (Electronic stability 
program) has been widely used in the vehicle field. The safety and stability of vehicle driving have 
always been a particularly important issue. The complexity of electronic control systems makes it 
impractical to conduct online electrical performance testing on real vehicles in research and 
development. In this paper, a new signal simulation method for the ESP dynamic electrical 
performance testing is proposed by comparing the HIL (Hardware-in-the-loop) simulation methods 
for vehicles and analyzing the impact of the ESP on vehicle safety and stability. To begin with, a 
comprehensive structural design scheme for the HIL simulation platform which is proposed by 
analyzing the ESP structure and control principle. Then, the principle of lateral acceleration and 
yaw rate that is generated by vehicle which is analyzed, and a three-dimensional model of the 
combined simulation device was built. Subsequently, the physical development of the simulation 
device was completed. Finally, the feasibility of the simulation device was verified. The 
experimental results indicate that the simulation device can generate continuous lateral 
acceleration and yaw rate signals. With the motor rotation changes, the generated signal error is 
different. But the generated overall error is relatively small. Therefore, the simulation device can 
meet the usage requirements. 
 
Keywords: Electronic stability program, Dynamic electrical performance testing, Hardware-in-the-
loop, Lateral acceleration, Yaw rate. 

1. Introduction 
 
The vehicle is a "machine that changes the world". Its 
appearance and popularity have significantly 
accelerated the progress and development of human 
society [1]. The vehicle industry is an important 
indicator of a country comprehensive strength and 
social development level. Over the years, the 
economic growth of Europe, the United States, 
Korea, and Japan has been accompanied by the rapid 
growth of the vehicle industry [2]. However, with the 
increasing number of vehicles, the number of 
accidents began to increase from day to day [3]. In 
order to reduce the incidence of traffic accidents, 
various research institutions have been investing a 
lot of funds in the vehicle ESP  

The ESP is an active safety technology that is an 
evolution of antilock brake technology, and which 
actively controls the vehicle driving system and 
engine control system [4]. The ESP can prevent the 
vehicle from entering unstable conditions, such as 
tailspin and sideslip, and which can further improve 
the vehicle safety and handling stability [5-6]. 
Therefore, the ESP electrical performance testing 
plays a crucial role in vehicle safety research. When 
the vehicle is driving, it is very difficult to detect the 

vehicle driving safety and handling stability in real 
time due to the extremely complex road conditions 
[7-8]. With the rapid development of electronic 
technology, digital computers have replaced the 
previous large-scale electromechanical controllers, 
and powerful control algorithms have made it more 
difficult to develop software verification and 
validation tools. At the same time, under the parallel 
action of hardware and other control mechanisms, it 
is necessary to use appropriate simulation methods 
to evaluate the safety performance of vehicles 
driving [9]. During the vehicle driving, it is risky to 
test the performance of the real vehicle. Therefore, a 
simulation method is needed to simulate the vehicle 
movement. In the vehicle field, most research 
institutions adopt the Hardware-In-the-Loop (HIL) 
simulation method [10]. The HIL test is also called 
semi-physical simulation, which can be regarded as 
an effective combination of physical prototype and 
virtual prototype [11]. The HIL simulation method 
not only reduces the cost and risk of testing, but also 
simulates the real driving environment. In research 
and development, the method is most effective in the 
testing phase. The HIL simulation process is shown 
in Figure 1. Compared with the Software-in-the-loop 
(SIL) simulation, the HIL simulation can consider the 
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delay of mechanical parts and electronic equipment, 
which conforms to the real driving conditions [12-
13]. Compared with the real vehicle test, some 
constraints are considered in the HIL, such as sensor 
accuracy, sampling period, and modulation 
frequency. Moreover, under various conditions, fault 
operations can be repeatedly simulated by the HIL 
simulation [14]. The HIL has been widely used in the 
development of electronic control systems due to its 
advantages, such as strong adaptability, good 
economy, and fast response [15].  
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Figure 1: HIL simulation processes 

 

2. The HIL Development Status 
 

In the 1950s, the HIL simulation method was first 
applied in the aerospace fields [16]. The HIL 
simulation has gone through digital simulation, and 
then developed from non-real-time simulation to 
real-time simulation [17]. Dongwon Jung et al. 
established a high-fidelity dynamic model of small 
UAV (Unmanned aerial vehicle), and developed the 
HIL simulation environment based on 
Matlab/Simulink to support and verify the hardware 
and software development of UAV autopilot [18]. In 
addition, external control commands and three-
dimensional visualization of vehicle movement were 
used for flight simulation testing, which ultimately 
reduced the test cost and workload. Mark Karpenko 
et al. designed a HIL simulation tested platform for 
aircraft, which can simulate the common faults in the 
servo valve driver circuit when flight, and it is the 
first time to study the complex interaction between 
the hardware of the faulty flight actuator and the 
overall performance of the aircraft [19]. 

With the continuous progress of electronic and 
computer technology, the HIL simulation technology 
has also made considerable progress [20]. The HIL is 
gradually applied to all walks of life. Until the 1980s, 
the HIL technology entered the vehicle field. As the 
most important mode of transportation, the safety 
and stability of vehicles have always been a focus of 
human attention. While the number of traffic 
accidents, which occur every year, are even more 
frightening. Therefore, a comprehensive 

performance test is required before the vehicle is put 
into use in a large area. The vehicle test methods 
mainly include the Software-In-the-Loop (SIL) test, 
the HIL test, the Vehicle-In-the-Loop (VIL) test and 
the real vehicle test [21-25]. The HIL test 
outperforms the other three simulation methods in 
terms of testing cost, security, repeatability, and real-
time performance. The HIL combines the dynamic 
model with physical hardware equipment, and 
injects external factors such as gravity, resistance, 
and friction into the simulation process, which is 
closer to the real driving environment. And design of 
the vehicle HIL simulation should be driven by 
requirements [26]. Many scholars have invested a lot 
of research into the vehicle driving performance at 
home and abroad. Şükrü Y G et al. designed lane 
keeping control and CACC controller based on the 
simplified model of lateral and longitudinal 
dynamics for Ford autonomous vehicles [27]. In 
order to verify correctness, the lane-keeping control 
and CACC controller were introduced into the HIL 
simulation system.  

De S et al. developed an ESP HIL test platform to 
achieve performance testing and fault diagnosis of 
the vehicle ESP [28]. Li H et al. built an ESP HIL test 
platform based on the LabVIEW real-time simulation 
system. The test platform mainly consists of three 
parts: upper computer, peripheral hardware, and 
lower computer. These three parts cooperate with 
each other complete the simulation of experimental 
conditions, human-machine interaction, data 
collection, and data calculation [29]. Zhang H et al. 
designed a robust controller for series-parallel 
hybrid electric vehicles, and proposed a simulation 
method to verify the controller feasibility, and built a 
HIL simulation platform for the dynamometer to 
simulate the engine, real transmission, virtual motor 
and virtual vehicle [30]. Sorniotti et al. established 
the ABS/ESP test platform by using dSPACE, and 
tested the ABS split road surface by using the HIL 
platform [31]. Yan Q Z et al. adopted dSPACE 
products to build the ESP HIL platform. This device 
can not only validate the controller, but also test the 
actuator [32]. Velardocchia et al. tested the ESP 
hydraulic actuator components by using the 
constructed HIL platform, and analyzed the impact of 
valve opening on vehicle speed, driver pedal 
sensation, and vehicle yaw rate [33]. Kookmin 
developed a HIL test platform based on xPC Target 
real-time simulation system for the ESP system. The 
software simulated vehicle environment is 
communicated with the controller through CAN bus, 
and which enabling the controller to work normally 
[34]. Konghui Guo team from Jilin University has 
developed the ESP-HIL test platform, which 
simulates the vehicle driving conditions in real-time 
and utilizes virtual reality technology to develop and 
verify the controller [35]. Compared with the 
research of foreign companies, research institutes 
and universities in vehicle field, the application of 
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the HIL simulation technology started late in China. 
At present, the market lacks a HIL simulation 
platform for the ESP dynamic electrical performance 
testing [36]. In order to reduce the test risk and cost, 
and maintain the test periodicity, it is necessary to 
developed a device that can accurately simulate the 
various driving conditions for the tested vehicle, 
which can be make the test results more realistic. 

 

3. Design of HIL Simulation Device 
Structure 

3.1 Structure and Application Principles of 
the ESP 
 

As shown in Figure 2. The vehicle ESP structure. 

As a vehicle control system, the ESP mainly includes 

sensors, brakes, engine control modules and 

microcomputers [37]. The ESP can maintain the 

vehicle stability by monitoring the driving status in 

real-time through a microcomputer and enabling the 

vehicle to drive according to the driver intention 

[38]. The vehicle sensors transmit the collected 

steering wheel angle, yaw rate, lateral acceleration, 

and wheel speed to the ESP system, which processes 

and calculates these signals. When the system 

detects a significant difference between the expected 

trajectory and the actual trajectory of the vehicle, the 

ESP applies the needed brake pressure at each 

individual wheel to bring the vehicle back on track 

[39]. During the vehicle driving, once the signal 

difference exceeds the set value, the ESP related 

enabling signal light will alarm.  
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Figure 2: ESP structural 

 

The deviation between theoretical trajectory and 
actual trajectory of the vehicle which is calculated by 
the ESP, and which is transmitted to the Electronic 
Control Unit (ECU). When the vehicle is driving in a 
real environment, the ESP is activated, real dynamic 
electrical performance testing can be conducted. As 
shown in Figure 3. The specific control method: the 
ECU obtains manipulation signal of the driver 
through the brake cylinder pressure sensor and the 
steering wheel angle sensor, and calculates the 
vehicle current driving state.  

 

At the same time, the ECU calculates the actual 

vehicle driving state through the lateral acceleration 

sensor and the yaw rate sensor. The vehicle driving 

controller processes the received signal and 

transmits it to the ECU, and which processes the 

pulse signal. The ECU ultimately exerting active 

control over the engine output torque and brake 

pressure cylinder, which largely avoids vehicle 

instability such as side slip and rollover. 
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Figure 3: ESP control principle 
 

3.2 Overall Design Concept of HIL Simulation 
Platform 

 

When the vehicle is driving, the generated lateral 

acceleration and yaw signals are collected through 

the lateral acceleration sensor and yaw speed 

sensor, respectively. In the early stages of 

development, it is very dangerous to test the vehicle 

electrical performance under extreme operating 

conditions. Therefore, developed a combined 

simulation device for lateral acceleration and yaw is 

applied in the HIL test platform, which based on the 

method of collecting and processing signals. The test 

platform can simulate various driving conditions. As 

shown in Figure 4, the HIL test platform mainly 

consists of a physical part and a virtual part. As a 

physical part of the platform, the simulation device 

can perform circular motion and yaw motions. The 

vehicle dynamics model and control algorithm model 

are downloaded to the upper computer, and the 

encoded signal is transmitted to a real-time 

simulation system through controlling the upper 

computer. The simulation system modulates and 

outputs the signal. The system sends control signals 

to the simulation device through the IO control 

module, and provides them to the real vehicle 

control system in the form of sending pulses through 

the real vehicle sensors. At the same time, the left 

and right wheel braking force signals are fed back to 

the auxiliary system. Then, the real vehicle system 

transmits the signal to the vehicle model. Overall, a 

closed-loop test platform is formed. 
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Figure 4: HIL simulation platform 

 

3.3 Structural Design and Principle for the 

Combined Simulation Device 
 

In the HIL simulation platform, the designed 

combined simulation device for lateral acceleration 

and yaw is mainly used for the vehicle HIL testing. 

Therefore, the device is only used to generate lateral 

acceleration and yaw rate signals, and without 

analyzing the signals. The combined simulation 

device is functionally divided into two parts: the one 

is the lateral acceleration simulation; the second is 

the yaw rate simulation. 

In the fact, the vehicle may be in a continuous 

turning state for a long time, the simulation device 

must be able to continuously provide lateral 

acceleration actions. Therefore, the lateral 
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acceleration is simulated using the physical principle 

of circular motion centrifugal acceleration. The 

lateral acceleration simulation device mainly 

includes a power device, a signal transmission unit, 

and an actuator. As is shown in Figure 5 (a), the 

structure of the Lateral acceleration simulation 

device. The control signal sent from the upper 

computer is processed by the IO control module and 

the driver to drive the control motor rotation. The 

sensor processes the collected rotational speed 

signal and transmits it to the vehicle ESP. Due to the 

centrifugal force of circular motion, high-speed 

rotational motion can easily cause components to be 

"thrown away". Considering the safety of 

implementation, the centrifugal acceleration should 

not exceed 2g. According to the limited conditions, 

the maximum rotational speed n and the rotation 

radius R of the motor are calculated through 

Formulas (1) and (2). 

 

  
2

60

n


 
=                                                   (1) 

2

1000

R
a


=                                                         (2) 

 
where n is the motor speed (r/min), R is the rotation 
center radius (mm), ω is rotational angular velocity 
(rad/s), and a is the centrifugal acceleration (m/s2). 

The yaw rate simulation device mainly includes a 
power device, a rotating plate, and a power source 
fixing device. The structure of the simulation device, 
which is shown in Figure 5(b). The signals sent by 
the upper computer that are modulated by the IO 
control module, and which is used to control the 
driver motor. Ultimately, the sensors are required to 
transmit the collected dynamic signals to the vehicle 
ESP. The sensor data acquisition system mainly 
adjusts the motor rotational speed n  by controlling 
the frequency of the pulse signal. The motor angular 
speed   can be obtained by Formula (1). 

Due to the integral relationship between the 
rotation speed and the rotation angle of the motor, 
the rotation angle   can be obtained by Formula 
(3). 

t

t dt −=                                                      (3) 

where   is the rotation angle (rad). 
The test cost of separately collecting simulation 

signals is high, and the cumulative error is large. 
Therefore, the combined simulation device 
integrates the principles of lateral acceleration and 
yaw rate simulation. The whole structure is shown in 
Figure 5. The signal collected by the sensor is sent to 
the vehicle system through a signal transmission 
unit. 
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Figure 5: Schematic diagram of combined simulation 
device for lateral acceleration and yaw: (a) Lateral 
acceleration simulation; (b) Yaw rate simulation. 

 

4. Physical Structure and Application of 
Simulation Device  

4.1 Physical Structure of Simulation Device 
 

The designed combined simulation device for 
lateral acceleration and yaw that is shown in Figure 
6. The device mainly includes: control module, 
transmission module, execution module, signal 
transmission unit, and power source. The signal 
transmission unit is mainly connected to the 
execution module through signal cables and power 
cables. Although the wired transmission method has 
high signal transmission stability, it is limited by the 
space of the device connection structure. And the 
other is wireless transmission. It connects the signal 
generator and receiver through Bluetooth. Wireless 
transmission methods are mainly suitable for small 
areas, but do not consider the impact of device 
structure. Therefore, in this paper, these two 
transmission methods are simultaneously 
considered in the simulation device structure. 
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Figure 6: Physical diagram of simulation device 
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4.2 Application of Simulation Devices in the 
HIL 
 

In order to facilitate the inspection of control 
system faults and standardize the simulation 
devices, the hardware part of control system is 
ultimately integrated. The simulation device control 
box is shown in Figure 7. It is mainly include the 
power supply, the I/O control module, the driver 
module, and the other modules to be developed in 
the figure. The I/O control module sets the main 
station and sub stations.  
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The other I/O 
control modules

The other driver 
modules
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Figure 7: Simulation device control box 

 
The control box is mainly used to control motion 

status of the simulation device. The application 
process of simulation devices in the HIL that is as 
follows. Firstly, the developed control module is 
download in the upper computer, which can 
manually set the vehicle parameters and driving 
conditions. Then, the upper computer and I/O 
control module are connected through the CAN bus, 
which can change the signal type. The sub stations 
transmit signal to the lateral acceleration and yaw 
rate drive modules respectively. Next, the signal 
acquisition module transmits signal to the PC 
through wireless function. Finally, the collected 
signal is transmitted into the ESP. In practical 
applications, it is necessary to remove the real 
vehicle sensor and install it on the simulation device, 
and the signal collected by the sensor which is fed 
back to the ESP. The feasibility of the simulation 
device is mainly verified in the paper, so the selected 
sensor is not a real vehicle sensor.  
 

5. Test Results and Analysis 
 

When verifying the feasibility of the simulation 
device in this paper, the integrated sensor sends the 
collected signal to the PC through wireless function.  

The PC can display signal dynamic curves in the 
real-time, and which also display data values. The 
integrated sensor is selected in the test which 
integrates high-precision gyroscopes, accelerometers, 

and geomagnetic field sensors, which can solve the 
module current real-time motion posture. The 
content of signal output mainly includes: time, 
acceleration, angular velocity, angle, magnetic field 
and air pressure. The display interface is shown in 
Figure 8.  
 

 
Figure 8: Signal display interface 

 
The upper computer sends control command, 

and the simulation device is worked according to 
commands. The integrated sensor sends the 
collected signal to the PC terminal, which displays 
dynamic data.  

Three states of the vehicle driving are simulated 
by changing the pulse signal frequency. The 
simulation device is tested at different rotation 
speeds, as shown in Figure 9. The rotational speeds 
are respectively 30r/min,70r/min and108r/min. In 
the Figure, the lateral acceleration is always positive, 
which indicates that the device can simulate the 
vehicle continuous turning in the same direction. 
The curve amplitude is the smallest in Figure 9(b), 
while the amplitude is relatively large in Figures. 
9(a) and 9(c). The rotational speed is the lower, and 
the motion is the more unstable. While the vibration 
is the larger, the error is relatively the greater. As the 
rotation speed increases, the stability has also 
improved. When the rotation speed exceeds a certain 
range, the centrifugal force can increase the 
vibration, and simulated lateral acceleration error 
also increases. 

 

 
(a) 
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(b) 

 
(c) 

Figure 9: Lateral acceleration and error,  
(a) Rotation speed: 30 rpm; (b) Rotation speed:70 

rpm; (c) Rotation speed:108 rpm 
 

Three different sets of simulated yaw rate and 

error were showed in Figure 10. The corresponding 

rotational speeds are respectively 30rpm, 45rpm 

and 60rpm, in Figures 10 (a), (b), and (c) 

respectively. As can be seen from the figure, the 

simulated signal curve basically conforms to 

periodicity, while the positive and negative values 

represent the forward and reverse signals of the 

motor. The yaw angle signal for 5 seconds was 

randomly intercepted in the figure, and the motor 

rotational vibration caused signal to peak. The 

difference in vibration frequency results in different 

peak values. The motor forward and reverse rotation 

causes a sharp increase and decrease in the signal, 

and then the signal basically stabilizes. As shown in 

the signal error figure, when the rotation angle is 

small, the measured data error is relatively small. As 

the rotation angle increases, the data error also 

increases. The drift of the sensor causes the angular 

error to accumulate as the yaw angle increases. The 

components manufacturing accuracy, installation 

errors, and sensor system errors can also cause 

errors to increase. 

 
(a) 

 
(b) 

 
(c) 

Figure 10: Yaw rate and error (a) Rotation 
speed:30rpm; (b) Rotation speed: 45rpm;(c) Rotation 

speed: 60rpm 
 

In this paper, the stepper motor is selected as the 

power source for simulation device. Due to the 

advantages of good control performance, fast 

response speed, and no loss of step, the stepper 

motor can simulate the continuous changes in lateral 

acceleration and yaw rate during vehicle driving. 

This can simulate the vehicle driving status more 

realistically, and lay the foundation for evaluating 

the vehicle driving performance.  
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6. Development Trend 
 
The HIL simulation technology has gradually been 
applied to all walks of life. The technology is more 
prevalent in the vehicle field, and various research 
and development units mainly use it to analyze 
operational stability in the vehicle driving. With the 
progress of science and technology, the vehicle has 
become a necessary tool to travel. As an active 
control system, the ESP affects safety and stability of 
the vehicle. Therefore, the ESP HIL simulation is 
crucial in research and development.  

Currently, the HIL simulation methods for the 
ESP dynamic electrical performance testing which 
are relatively few. The HIL is mainly used in the 
design and development of the ECU. In addition, the 
HIL also accounts for a significant proportion in the 
academic group of vehicle control software. To test 
electrical performance of the ESP, it is necessary to 
simulate the real driving environment of the vehicle. 
However, most vehicle research is mainly focuses on 
virtual simulation, which lacks a sense of realism. 
Many enterprises have produced the HIL simulator. 
The hardware device has a simple structure and is 
convenient to use, but it only simulates a single 
signal, and the serial port of the hardware device is 
not uniform. When simulating integrated signals, it is 
necessary to customize and develop communication 
serial ports to connect multiple the HIL simulators, 
which reduces the stability and effectiveness of 
signal transmission. Therefore, the software and 
hardware parts of the HIL simulator should be 
further integrated. In addition, how to simulate a 
real driving environment that is also the focus of the 
HIL simulator development. During the electrical 
performance testing phase, it is difficult to generate 
extreme working conditions when the real vehicle 
travels along a predetermined trajectory. Moreover, 
the real vehicle road test cannot be repeated, and 
there is no verification link for the test signal 
analysis. The HIL simulation platform should 
continuously improve the simulation environment to 
improve the testing reliability. Therefore, in various 
fields, the application of signal integration methods 
based the HIL that will become the future 
development trend. 
 

7. Conclusions 
 
The HIL simulation technology has been rapidly 
developed in the vehicle field. Scientific research 
institutions have done a lot of work in the 
construction, optimization, and research of the HIL 
simulation test platform at home and abroad, and 
have made great progress in the design of the 
software and hardware for the test platform. 
However, there are also shortcomings such as single 
function, low integration, poor timeliness and poor 

universality. Most research institutions only conduct 
static electrical performance tests on vehicles, which 
lacks a real driving environment. Therefore, it has 
become the focus of research and development for 
the HIL simulation technology that solving these 
problems.  

Based on the ESP control principle and overall 
structure of the HIL simulation platform, it is 
developed that the combined simulation device for 
lateral acceleration and yaw in the paper. The device 
has simple structure, easy operation, and use safety. 
The lateral acceleration simulation uses the physical 
principle of centrifugal acceleration in circular 
motion. The upper computer controls the motor 
speed by sending out the frequency of pulse signals. 
While the sensor receives the dynamic signal and 
obtains the corresponding lateral acceleration 
through system logic calculation. Yaw signal 
simulation utilizes the motor motion characteristics. 
The upper computer controls angle of the motor 
rotation by sending out the number of pulses. 
thereby driving the simulation mechanism to rotate. 
A combined simulation device was designed based 
on the principles of lateral acceleration and yaw 
signal simulation. Subsequently, the feasibility of the 
combined simulation device was verified, and three 
sets of test results were analyzed. The results show 
that the simulation device can achieve the expected 
effect, and the data conforms to the law of signal 
occurrence, which creates a reliable condition for the 
ESP dynamic electrical performance test. 

At present, autonomous driving technology has 
become the focus of the vehicle research. Although 
the vehicle intelligence has always been favored by 
young people, it also comes with many uncertain 
safety hazards. In the future, research institutions 
need to increase their efforts in electrical 
performance testing during the research and 
development phase. Therefore, it is necessary to 
develop a HIL testing platform that integrates the 
tested real vehicle, the simulation devices, and the 
software control systems. It can not only simulate 
various states of vehicle driving at the same time, but 
also be suitable for various types of vehicles. In the 
next step, the different driving states will be 
simulated, such as the vehicle rapid acceleration, 
rapid deceleration, sharp turns, and wheel lockup. 
And the simulated different lateral acceleration and 
yaw rate signals are transmitted to different types of 
vehicle ESP systems. Ultimately, through the data 
comparative analysis, the accuracy of the developed 
simulation device will be better evaluated.  
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