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Abstract: In the automotive field, with the advancement of electronic and signal processing technolo-
gies, active control-based chassis systems have been developed to enhance vehicle stability. In this
study, a Hardware-in-the-Loop (HiL) simulation environment was developed to effectively improve
time and cost during the development process of an independent rear-wheel steering system. The HiL
Simulation Environment was developed—a specific test bench capable of simulating driving loads
on the prototype. Based on the system identification method, a reaction force modeling technique for
the target driving loads was proposed. The full vehicle dynamics simulation model was developed
with a lateral maximum error of 4.5% and a correlation coefficient of 0.98, as well as a longitudinal
maximum error of 0.1% and a correlation coefficient of 0.99. The reaction force generation system
had a maximum error of 2.9%. Using the developed HiL simulation environment, performance
verification and analysis of the independent rear-wheel steering system were conducted, showing
reductions of 5.1% in lateral acceleration and 5.2% in yaw rate.

Keywords: Hardware-in-the-Loop (HiL) simulation; system identification; chassis control; vehicle
dynamics

1. Introduction

Recently, with the advancement of electronic components and signal-processing tech-
nologies in the automotive industry, there has been growing interest in enhancing vehicle
stability. Due to increased interest, several studies have been conducted on the control of
steering and traction systems to improve driving stability, such as adaptive control of steer-
by-wire systems, control methods for four-wheel steering vehicles and wheel-independent
drive vehicles [1-4]. However, suspension design and movement are dominant factors for
driving stability.

The conventional vehicle suspension system is a vital chassis component that helps
reduce shock transmitted from the ground, maintaining the vehicle’s stable posture for
comfortable and safe driving. The suspension system must fulfill the following roles:
first, it must control the vehicle’s body movement. In other words, it should be able to
isolate the body from inertia caused by steering, acceleration, deceleration, and various
disturbances. Second, it should regulate the motion of the suspension device. This means
that the suspension should be capable of controlling wheel movement to maintain stability
without sacrificing maneuverability. Third, to maintain stability, it must distribute road
forces to ensure tire-ground contact for each wheel [5].

In general, suspension systems have traditionally consisted of systems using springs
and shock absorbers. Due to their fixed characteristics, these systems exhibit passive
attributes, making them unable to adequately respond to varying road conditions or vehicle
states. Despite significant efforts to enhance the performance of such systems, achieving a
balance between conflicting goals, including ride comfort, maneuverability, and stability,
requires careful design and tuning of individual element characteristics. Consequently,
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the development of active suspension systems that can provide appropriate control forces
based on road conditions and vehicle status began. Typically, these systems dynamically
control springs and shock absorbers, offering functions such as ride comfort control, body
roll control, dive/squat control, and road holding [6].

In order to enhance the functionalities of the suspension, various types of active
suspension mechanisms have been presented, such as a novel passive, active suspension
system, a self-powered electromagnetic damper system, and an active-hydro-pneumatic
suspension system [7-9]. Several studies have also been conducted to improve ride comfort
and stability through control methods such as decoupling vibration control, model predic-
tive control, observer-based control, and disturbance rejection sliding mode control [9-12].
Geometric alignment status is another crucial factor influencing the handling stability of
vehicles [13,14]. This status, defined by parameters like toe, camber, and caster, passively
changes based on vehicle dynamic behaviors such as load shifts during vehicle operation.
Alignment status is designed to maintain vehicle stability at all times. Studies have been
conducted regarding the influence of suspension stiffness on handling stability [15], the
effects of elasticity on subsystems of vehicle dynamics in relation to chassis and suspen-
sion [16], and analyses of suspension sensitivity to enhance handling performance [17].
Research has also been carried out to select toe trajectories and bushing stiffness levels
for improved vehicle handling stability [18]. However, these systems are mechanically
constrained, limiting their range of adaptability. To overcome these limitations, research
has focused on dynamically altering the suspension alignment state to enhance driving
stability through the design and analysis of an active-geometry-controlled suspension
mechanism [19-23].

For the development of an active chassis system, various aspects are required, such
as mechanism and actuator design, key components design, vehicle dynamics analysis,
and control algorithm design and tuning. Additionally, expertise in component-level
and module-level development, optimization of vehicle-based control algorithms, and
techniques for evaluating prototype performance is essential. These processes require
substantial time and cost.

In the automotive industry, efforts to overcome these drawbacks have led to mathe-
matical modeling studies of development systems based on Hardware-in-the-Loop (HiL)
simulation systems. HiL simulation is rapidly advancing the evolving technology com-
monly used in the automotive research field. Its applications range from control prototyping
tools to being a platform for system modeling, simulation, and synthesis paradigms [24].
These time- and cost-effective approaches are utilized for performance optimization and
laboratory-level evaluation. HiL simulation systems have been designed and suggested
for the development of active suspensions [25-27]. Several studies have been conducted
to evaluate active chassis systems and their control methods using HiL simulation experi-
ments [28-31]. During the system development process, the use of hardware components
or complete hardware in the simulation loops is crucial for HiL. simulations. The real
hardware is integrated into the simulation loop instead of extensive and long-term testing
of the control algorithm. HiL simulations also encompass Controller-in-the-Loop (CiL)
simulations, which are fundamental in the automotive, defense, marine, and space indus-
tries. CiL simulations are highly reliable for testing components like electronic control units
(ECUs) and are connected to the simulation, replacing actual equipment under control. It is
worth noting that modeling actuators can be challenging, but when available, they can be
integrated into the simulation loop to enhance the simulation [28].

In this study, one of the intelligent chassis systems—active suspension—is tested
using a HiL simulation environment, as several studies have been conducted for active
chassis systems using HiL simulation, as discussed above. The target system of this
study is the independent rear-wheel steering system, which can actively adjust the toe
trajectory, a key alignment factor affecting vehicle stability. The objective of this study is
as follows: the establishment of an HiL. simulation-based environment for performance
and logic reliability evaluation and verification of the system’s ability to enhance driving
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stability when integrated into vehicles. In order to achieve the objective, a novel method
for modeling the interface between the vehicle model and the target system using a system
identification method is proposed to simplify the design and implementation of the HiL
simulation environment. The proposed method aims to simplify the test bench, including
the target system and reaction force generation system, as much as possible. The simplified
test bench offers important features, such as direct testing for the target system and a rapid,
cost-effective configuration of the test bench. Therefore, this study proposes and validates
vehicle dynamics analysis models for the configuring HiL simulation, along with a reaction
force model using a system identification method and force control, to precisely apply
physical loads and simulate real-vehicle conditions in the prototype.

Section 2 defines the independent rear-wheel steering system and provides the theoret-
ical background of its effects from a vehicle dynamics perspective. In Section 3, the design
and configuration of the HiL. simulation system, the test bench for generating reaction
force on the prototype, and the force control results are explained. Section 4 proposes and
executes a system modeling method to simulate the reaction forces of the prototype appli-
cation that are not covered in commercial vehicle dynamics analysis environments where
the target prototype will be applied. Section 5 presents experimental results in a virtual
real-world driving environment with the prototype applied based on the developed HiL
simulation setup. Finally, in Section 6, conclusions are presented along with a discussion of
the experimental outcomes, the system modeling and control techniques proposed in this
study for HiL simulation.

2. Independent Rear Wheel Steering System

The subject of this study is the independent rear-wheel steering system, which actively
controls the rear-wheel steer angle to enhance vehicle yaw stability. Unlike conventional
rear-wheel steering systems in which the left and right wheels are mechanically linked, in
this system, the wheels operate independently. This feature provides advantages in terms
of optimizing vehicle space and efficiently controls only the outer wheels, which have a
dominant effect on vehicle stability during cornering maneuvers.

The target system achieves control of the rear-wheel steering angle by controlling the
position of the assist arm, which determines the toe angle of the rear suspension components
in a typical vehicle, as shown in Figure 1. This component supports a significant load
during steering, and it applies the lever principle to effectively generate instantaneous
control force to ensure cornering stability.

Actuator & controller housing Motor

—=

. Ball Screw
Lever mechanism

Lower Control Arm ‘\(){
e

T}

Figure 1. 3D design of independent rear-wheel steering system.

During steering maneuvers, the outer wheel and suspension of the vehicle exhibit a
bump motion. At this point, the vehicle mechanically generates a specific amount of toe-in
steering angle, as shown in Figure 2a, corresponding to the magnitude of the bump. This
leads to the generation of lateral force, as shown in Figure 2b, in response to the change
in the side-slip angle. While the bump motion mechanically generates a predetermined
amount of toe angle, the independent rear-wheel steering system concurrently generates
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Bump height change (mm)“

additional toe angle actively. This results in a counter-yaw moment, leading to optimal
vehicle cornering stability.

1
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Figure 2. Effect of rear-wheel steering change: (a) toe change in bump motion; (b) Lateral force
change relative to toe change

3. Design and Configuration of HILS System
3.1. Real-Time Simulation Environment and System Configuration

The target system of the HiL simulation test consists of the operating motor unit and
the control system of the independent rear-wheel steering system. The HiL simulation
system was configured, as shown in Figure 3. The real-time simulation component is
based on Opal-RT with the QNX operating system, which performs real-time computations.
CarSim (Mechanical Simulation, Ann Arbor, MI, USA), a commercial software, is integrated
for vehicle dynamics simulation. CAN systems are configured, and CAN messages are
defined and coded to exchange various status information and to ensure communication
between the RT platform, the target system, and the test bench.

Real Time Simulation Test Bench

¢ Real-Time Computing System

* CAN Message modeling CAN Messages e

——
G t’ Target Reaction Force

* Full vehicle model & Vehicle
dynamic simulation

-

; /// BQK}\SSNO Motor ©
~ ¥ 4

Encoder,
LVDT

Load Cell —
Servo Motor Information Limit Push @ 6.8mm 6.8mm

Figure 3. Configuration of the hardware-in-the-loop simulation system.

The test bench section is designed to precisely apply the reaction force to the target sys-
tem during vehicle dynamics simulation in real time. The test bench includes components
such as a Servo Motor for simulating driving loads, a LVDT (Linear Variable Differential
Transformer) for actuator movement sensing, a Load Cell for applied force feedback, and a
guide shaft for ensuring structural robustness. Additionally, limit switches are incorporated
for safety during the test.

3.2. Reaction Force Generation and Control

For precise application of driving loads to the target system, it is imperative to ensure
the control performance of the servo motor system. This control of the reaction force is
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Target Force
(force, N)

achieved through feedback of a Load Cell. Figure 4 shows the system configuration of the
test bench, while Figure 5 presents the conceptual framework for the reaction force control.

Servo Motor & Encoder

Guide shaft

Targetsystem for véﬁdaﬁg\n

Figure 4. Configuration of test bench section.
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(Internal Controller)
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Figure 5. Framework for reaction force control.

A PI controller was employed for the control logic, and it was observed that the noise
present in the Load Cell measurements affected the control performance. A Low-Pass
Filter based on the Backward Rectangular Approach (BRA), as shown in Equation (1), was
utilized for noise control.

Fe

Y=z va @
T.L Z
:Z—l-l—TchZ <Z) @
TS Pc

- (1 + Ts Fc) —z1 X(Z)

where F, is the cut-off frequency, and T, is the sampling time. The lower cut-off frequency
of the low-pass filter effectively removes noise; however, it leads to slower updates and a
characteristic that approaches the old value. A significant phase lag occurs, which adversely
affects real-time computations and control performance. Therefore, to minimize signal
distortion by setting the cut-off frequency of the low-pass filter as high as possible, a rate
limiter was designed using Equations (2)—(5) for signal processing. First, the rate can be
defined as follows:

u(i) —u(i—1)

t(i

) Hi—1) @)

rate =
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where u(i) is current value, u(i — 1) is the old value, t(i) is the current time, and t(i—1) is the
old time.

If rate > R 3)
= y(i) =At-R+y(i—1)
If rate < F
. . 4)
= y(i)=At-F+y@i—-1)
IfF< rate < R
5)

= y(i) = u(i)

where R is the rising slew rate as an upper limit, and F is the falling slew rate as a lower
limit. If the rising slew rate exceeds the threshold value R, Equation (3) is executed. On
the other hand, if the falling slew rate is less than the threshold value F, it is output, as
shown in Equation (4). If the rate falls between F and R, the current input is directly
output. By utilizing a rate limiter for slope control prior to applying a low-pass filter to the
signal measured by the Load Cell, signal distortion is reduced, and efficient noise control is
achieved simultaneously.

Figures 6 and 7 show the test results for the servo motor control performance during
the simulation of the reaction force. To facilitate the potential application of the proposed
Hardware-in-the-Loop Simulation system to the entire target module in the future, the
tracking performance of sinusoidal references at frequencies of 0.5 Hz, 1.0 Hz, and 1.5 Hz
was verified for maximum forces of 500 N and 1000 N. Across all conditions, fine response
and accuracy were shown for the regions of compressive force. However, relatively slower
response speeds and lower accuracy were observed for the region of tensile force.

600 T T T
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200

0

Force(N)

-200

-400 4 Target Force
====:Measured Force

600 I L L I I I I I I
0 0.5 1 15 2 25 3 3.5 4 45 5

Time(sec)
@)

600 T T T T

Force(N)

Target Force
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I I T T

-600 I I I I |
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Time(sec)

(b)

Force(N)

Target Force
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L
0 0.5 1 15 2 25 3 3.5 4 4.5 5
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()
Figure 6. Control performance of reaction force generation for —500 N~+500 N, (a) 0.5 Hz, (b) 1.0 Hz,
and (c) 1.5 Hz.
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Figure 7. Control performance of reaction force generation for —1000 N~+1000 N, (a) 0.5 Hz,

(b) 1.0Hz, and (c) 1.5 Hz

However, considering that the independent rear-wheel steering system primarily
generates momentary compressive forces crucial for vehicle stabilization, these observed
differences do not substantially influence the overall system evaluation. Furthermore, it
should be noted that higher tracking accuracy is achieved when the target force is lower, or
the input frequency is lower. Therefore, the direct load on the target system, the actuator
only, is expected to be much lower than that on the assist arm, and as such, superior

performance is expected.

4. Vehicle and System Modeling
To establish a HiL simulation environment, it is essential to replicate all conditions

except those involving the target system. To simulate conditions equivalent to those used in
real vehicle assessments, subsystem modeling must accurately reproduce the loads applied
to the target system in the context of the target vehicle and virtual testing environment.

In this section, to achieve such an environment, various dynamic behaviors of the
target vehicle and loads at the installation location were measured. Modeling of both the
target vehicle and the subsystem was conducted based on the measured data. A specific
modeling process was proposed for the subsystem, identifying modeling parameters
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through correlation analysis for input. The system identification method was used to
model the reaction force.

4.1. Data Acquisition for Modeling

To acquire the key data for modeling, Figure 8 shows the test environment configura-
tion of the target vehicle for installation; Figure 9 shows key measurement locations and
sensors. A Wheel Force Transducer (WFT) was utilized to measure the loads applied to the
wheels during driving. An LVDT sensor was employed to measure the bump and rebound
motion of the suspension, and an assist arm in which the independent rear-wheel steering
system was supposed to be mounted was strain-gauged to measure loads during driving.

LVDT
Strain guage

Wheel Force Transducer

Figure 9. Sensors for measurements: (a) SAS (Steering Angle Sensor), (b) WET (Wheel Force Trans-
ducer), (c) strain gauge on the Assist Arm, (d) height sensor, (e) RT-3100, and (f) eDAQ.

Additionally, the RT-3100 system was used to acquire various data related to the
vehicle’s dynamic behaviors. Driver inputs were measured based on CAN communication,
and an e-DAQ system was utilized to store all data during the vehicle test in real time.
Table 1 presents the sensors and measured signals.
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Table 1. List of Sensors and Signals.

Sensor Type Location Signal Type Number of Channels

SAS Steering Wheel Column Steering wheel angle, St?ermg 2
wheel angular velocity
WEFT Rear Wheel (L/R) Fx, Fy, Fz, Mx, My, Mz 12
Strain Gauge Rear Assist Arm (L/R) Force on the assist arms 2
LVDT Rear Suspension (L/R) Bump /rebound stroke 2
Vehicle position, velocity,

RT-3100 Center of Vehicle acceleration, heading angle, pitch, 16

roll, yaw angle,

The ISO 3888-1 standard was employed as a representative test condition for analyzing
the vehicle’s dynamic behavior [32]. Figure 10 shows the test conditions; the test was
conducted under an entry speed condition of 80 kph by a professional test driver. Figure 11
presents the test results, showing key vehicle motion measurement variables, including (a)
steering angle input, (b) lateral acceleration, and (c) yaw rate.

W : Vehicle width
. : guide cones

15m 30m 15m 25m 30m
Figure 10. Test Condition, ISO 3888-1, Passenger cars—test track for a severe lane-change maneuver.

4.2. Modeling of Reaction Force
4.2.1. Signal Processing

The most critical aspect of HiL. simulation configuration lies in the simulation of
reaction forces for the target system. To achieve this, it is necessary to model the generation
of reaction forces applied to the target system during driving simulations.

The load data obtained from the assist arm—the target subsystem to be modeled—
contain unnecessary noise components. To accurately model the target subsystem, unnec-
essary noise was removed using a Low-Pass Filter algorithm. In this study, the Backward
Rectangular Approach (BRA) method was utilized, as described in Section 3.2.

The cut-off frequency of the Low-Pass Filter was set at 10 Hz. As shown in Figure 12,
the cut-off frequency was determined through frequency analysis to ensure that it did
not distort system characteristics. Figure 13 shows the measured data and the data after
processing through the Low-Pass Filter. Despite having a certain phase lag due to the char-
acteristics of the Low-Pass Filter, the results maintain the dominant frequency components
within the acceptable range, thus preserving the overall system characteristics. Moreover,
since the results are solely utilized to design the reaction force simulation algorithm and
are not intended to influence the modeling results, their effect on the modeling outcomes is
considered negligible.
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Figure 11. Measurement results: (a) steering angle input, (b) lateral acceleration, and (c) yaw rate.
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Figure 12. Frequency analysis of measured data of assist arm.
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Figure 13. Comparisons of raw data and filtered data.

4.2.2. Correlation Analysis for Identifying Input Variable

The system identification method is often used to characterize structural responses [33-35].
In this study, to model the reaction forces, the system was assumed to be a Single Input-
Single Output (SISO) system. To identify the dominant input variable from the force
measured at the Assist Arm, correlation analysis was conducted. The input variables
considered for correlation analysis are the lateral force (Fy), vertical force (Fz), and the
aligning moment (Mz), as well as the suspension height, which represents the bump and
rebound stroke. The correlation analysis was performed using Equation (6), in which x
represents the load measured from the assist arm, and y represents the four aforementioned
variables used as input variables.

Y (%) (v — )
r=——t=t ©6)

\/i (% —x)z\/ Y (v —7)°
k=1 k=1

Figure 14 shows the results of the correlation analysis; Table 2 presents results for
the correlation coefficients—a very high correlation between Aligning Moment (Mz) and
Lateral Force (Fy) can be observed, while both variables show correlation coefficients at a
level suitable for the input variable. In this study, Aligning Moment, which has the highest
correlation coefficient, was chosen as the input variable.

2 18
15 1.6
£ &y
g 2
s S 12
© ©
50° £ g
©
3 2
0 0.8

4
50
)

o
o

0 0.2 0.4 0.6 0 0.2 0.4 0.6
Assist arm force Assist arm force

(a) (b)

<
)

o
w
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o
)
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Aligning moment (Mz)
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Suspension hdight (LVDT)
>
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Figure 14. Correlation analysis of assist arm force: (a) vs. lateral force, (b) vs. vertical force, (c) vs.
aligning moment, and (d) vs. suspension height.
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Table 2. Results of Correlation Analysis.

Output Variable Input Variable Correlation Factor
Assist Arm Force Lateral Force (Fy) r7; = 0.9801
Assist Arm Force Vertical Force (Fz) ry = 0.8108
Assist Arm Force Aligning Moment (Mz) r3 =0.9921
Assist Arm Force Suspension Height ry =0.7191

4.2.3. Modeling of Reaction Force

To model the reaction force generation from the Aligning Moment (Mz) to the assist
arm, a maximum fourth-order SISO (Single Input-Single Output) system was assumed, as
shown in Equation (7) below:

 (14)jThw)(1 4 jTow) (1 + jTsw)
jw(1 —|—ij1¢0)(1 —|—ij2(4))(1 +ij3a;)

H(jw) =K @)
Unknown parameters were estimated using the Recursive Parameter Estimation

Algorithm as follows:
A

6(t) = 6(t— 1)+ K()(y(t) — §(1)) ®)

A A
Here, 6(t)is the unknown parameter to be estimated and y(t) is the model prediction
at the (t — 1)th step based on y(t). Additionally, the gain K(t) determines how much the
current estimation error influences the next estimation and can be obtained as follows:

K(t) = Q(t)y(t) ©

Here, (t) is the change in the estimated model result 9(1‘) for parameter 6. Addi-
tionally, Equations (10) and (11) were employed to estimate Q(#) using the Kalman Filter.

e
U R w0 PG 100 "
() — Pt 1)+ R, - PE= VDR TP "

Ro +(6) P(t = 1)p(1)

For each condition from the first to fourth order, the optimal parameters were esti-
mated through 20 iterations each. For the third- to fourth-order models, there was no
significant advantage compared to the second-order model. Therefore, a second-order
system, which is suitable for representing the behavior of a general physical system, was
selected, as shown in Equation (12).

1+ 0.026748;
H(jew) = 0.014963 . 00267480

jw(1490.978jw) (12)

The raw data from the measured aligning moment (Mz) was used as the model input
for validation; it was compared with the results obtained from the proposed model and the
measured data. Figure 15 shows the comparison results. Although a slight discrepancy
can be seen at around 7.5 s, this corresponds to a non-linear behavior region resulting from
excessive tire-road surface slip, which is a momentary phenomenon in real-world vehicle
dynamics. The presented SISO system assumes linearity and does not account for such
non-linearities—something that is also considered a limitation of the second-order model.
Considering the results and practical applicability of the simulation environment, this level
of accuracy is considered acceptable.
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Figure 15. Modeling results of reaction force on assist arm: (a) model input and (b) comparison
between measured data and model output.

4.2.4. Force Attenuation Mechanism

To amplify the force applied by the motor for rear-wheel steering angle control, a
unique mechanical structure was designed. The final load applied to the target motor
control system, in comparison to the load on the assist arm, was attenuated through the
inherent mechanism. The mechanism of the presented system is shown in Figure 16a; it is
approximated as presented in Figure 16b.

o
i
‘?“// D
Point D
d
Point C T J ,
. oin F, F{]c TD —_—
Point B .
. FD
Pointic, View Point
(a) (b)

Figure 16. Kinematic system of independent rear-wheel steering system: (a) system overview and
(b) simplified system movement.

In Figure 16a, AC corresponds to the assist arm of a conventional vehicle while BD
representing the unique mechanism of the proposed independent rear-wheel steering
system. The lever principle operates around Point B, transmitting the road load, while it is
assumed there is no loss of transmitted load around Point C. Therefore, the load directly
applied to the target system can be approximated using Equations (13) to (14), as follows:

F,.CD = BC - Fy (13)

Fh==—"F (14)
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Here, F, is as defined in Equation (15) and d corresponds to the operational stroke of
the target motor.

F, = F,sin(tan"' (4/BD) (15)

The attenuated force resulting from the load generated by the reaction force on the
assist arm, as presented in Section 4.2.3, provides the ultimate target force applied to the
motor of the independent rear-wheel steering system in the HiL simulation system being
developed throughout this study.

4.3. Modeling of Target Vehicle

To conduct HiL simulation tests on the target system, a reliable full vehicle dynamic
model is essential for real-time simulation of vehicle dynamic behaviors. Leveraging crucial
data acquired from the subject vehicle’s Suspension Parameter Measuring Device (SPMD)
and dynamic behavior measurement during vehicle testing, a full vehicle simulation model
was carried out using CarSim (Mechanical Simulation, Ann Arbor, MI, USA), a commercial
software specifically designed for vehicle dynamics. Figure 17 shows the results of the
vehicle modeling, with a focus on lateral dynamics, as it is a primary concern in this study.
The model ensures accuracy in both longitudinal and lateral behaviors, with the following
results: correlation coefficient of 0.9876 and maximum error of 4.5% in lateral dynamics;
correlation coefficient of 0.9961 and maximum error of 0.1% in longitudinal dynamics.
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Figure 17. Vehicle modeling results: (a) steering angle input, (b) lateral acceleration, (c) yaw rate, and
(d) reaction force on assist arm.
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5. Test Results of Target System Using HiL Simulation

The influence of the Independent Rear Wheel Steering System on the vehicle driving
stability was evaluated using the Hardware-in-the-Loop simulation environment developed
in Sections 3 and 4. Figure 18 shows the reaction force generation performance applied
to the target system, an important aspect of the proposed HiL simulation environment.
The maximum reaction force was 60 N; the overall behavior operates at frequencies up
to 1 Hz. As mentioned in Section 3, this range ensures that system maintains satisfactory
performance, with a maximum error of approximately 2.9%. However, a relatively notable
control error of approximately 31.4% was observed in specific regions, particularly for
behaviors exceeding 4 Hz. Nevertheless, this is considered insignificant when evaluating
the performance of the independent rear-wheel steering actuator, as these instances of
minor target force occurrence are temporary.
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Figure 18. Reaction force generation and control performance of the HiL simulation system: (a) rear-
left side (RL) and (b) rear-right side (RR).

Figure 19 shows the behavior of the Independent Rear Wheel Steering System during
the HiL simulation test. In Figure 19a, the actuator stroke of both Independent Rear Wheel
Steering Actuators is shown; Figure 19b shows the changing toe angle during the HiL
simulation test. The observed variation when the actuators are inactive is due to the toe
angle change caused by jounce motion, influenced by the vehicle’s mechanical structure.
Substantial increases in toe angle change are observed when the actuators are engaged on
each side. These changes affect vehicle yaw stability or directional stability, as illustrated
in Figure 20. Figure 20 presents vehicle dynamic behavior during the HiL. simulation
test based on the operation of the Independent Rear Wheel Steering System. Figure 20a,b
compare important parameters for lateral dynamics analysis, specifically lateral acceleration
and yaw rate, showing reductions of approximately 5.1% and 5.2%, respectively, when
the system is active. Consequently, as shown in Figure 20c, the lateral offset decreased by
about 6.3%, representing an improvement in maneuverability. As explained in Section 2
and shown in Figure 2, an additional toe angle results in a larger lateral force generation.
Consequently, the increased lateral force not only enhances maneuverability but also
improves the vehicle’s stability. Based on these results, it can be concluded that the
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independent rear-wheel steering system of the vehicle enhanced both steering stability and
path-tracking performance.
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Figure 19. Independent rear-wheel steering system behavior during HiL simulation test: (a) actuator
stroke and (b) toe-angle change.
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Machines 2023, 11, 996

17 of 19

Lateral Position[m]
N}
T

Independent Rear Wheel Steering OFF o
--------- Independent Rear Wheel Steering ON

6 I 1 I I I I

1 1 I

0 20 40 60 80 100 120 140 160 180 200
Longitudinal Poisition [m]
(c)

Figure 20. Comparison of vehicle dynamic behavior of independent rear-wheel steering system:
(a) lateral acceleration, (b) yaw rate, and (c) trajectory.

6. Discussion and Conclusions

The geometric alignment of an automobile suspension greatly influences driving
stability. The alignment relies on a mechanically linked structure that passively adjusts
to environmental changes during vehicle motion. However, in this study, using an inde-
pendent rear-wheel steering system, active enhancement of vehicle driving stability was
achieved and validated, surpassing the limits of predefined mechanical changes. A HiL
simulation environment was developed for evaluating the independent rear-wheel steering
system at the laboratory level. For this purpose, a system capable of real-time simulation of
all environments with the independent rear-wheel steering system’s dedicated actuator
and control system was constructed. A high-precision full-vehicle model was developed
using SPMD and vehicle test data, ensuring correlation. A communication interface based
on CAN communication was also developed to facilitate the communication of the control
system and vehicle information during the HiL simulation test. Moreover, a load interface
model with actuators, not available in commercial vehicle simulation software, was defined
and modeled by conducting correlation analysis on various factors that influence the target
system. The variable exhibiting the strongest correlation was selected to serve as an input
parameter for the reaction force modeling process in system identification. A commercial
servo motor system was utilized to realize reaction force generation and control precision.

Through the proposed evaluation environment, enhancement of vehicle driving sta-
bility was validated when the independent rear-wheel steering system was activated:
reductions of approximately 5% in both lateral acceleration and yaw rate were achieved.
The proposed HiL simulation system not only facilitates performance evaluation but also
allows various driving tests to be conducted at the laboratory level before the actual vehicle
test. The HiL simulation test environment effectively reduces costs and time for research
into control logic and tuning of the development system and eliminates potential risks
during real-world tests.

Furthermore, leveraging the system identification method based on target vehicle
test data, the proposed modeling approach for a specific part of the evaluation target
system is highly effective and precise. Therefore, it is expected to be easily applicable
to the development of HiL simulation systems for other parts, contributing to process
improvement and control technology development for active chassis control systems. By
virtually constructing all environments except for the prototype, cost-effective software
development and performance evaluation equivalent to real-world tests were achieved,
leading to expected savings in time and costs.
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