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ABSTRACT

This paper conducts numerical simulations to delve into the phenomenon of tire-road separation
using a half-car model. It scrutinizes scenarios where the tires lose contact with the surface, delving
into the time response and phase portrait domains. This analysis captures vertical displacements
and pitch dynamics in both in-contact and no-contact states. The research examines tire-road
detachment for individual wheels and both wheels concurrently while also considering variations
in road conditions and suspension structures. By comparing outcomes between scenarios where
tires maintain contact and where they separate, the study offers valuable insights for vehicle
designers, aiding them in selecting optimal suspension parameters to mitigate tire-road separation.

Keywords: Vehicle vibrations; Half-Car dynamics; Tire-Road separation; Half-Car vibration; Vehicle safety; Ride
comfort.

1. INTRODUCTION

Research on vehicle vibrations typically operates under the assumption that tires remain in
contact with the surface [1]. Moreover, Gillespie and Guiggiani indicate that many recent
mathematical models overlook the separation condition to simplify numerical simulations and
optimization processes [2, 3]. However, in reality, cars may lose contact with the road due to
factors like high speeds or large bumps [4]; the interaction between the wheel and the surface,
particularly when the wheel loses contact with the road, has rarely been studied [5]. Recent studies
in separation dynamics have demonstrated that accounting for the possibility of separation between
the wheel and the ground leads to a more realistic system [6-12]. While these studies often focus
on tire-road separation in suspension systems with 2 degrees of freedom (2DOF), which is
adequate for providing a basic understanding of vibration dynamics, a quarter-car model is limited
in its ability to study longitudinal and lateral interconnections due to its focus on only one corner
of the vehicle [13, 14]. Consequently, it primarily simulates body bounce while neglecting pitch
and roll modes [15]. To explore these modes, researchers might apply the separation assumption
in a more comprehensive vehicle model known as the full-car model. However, solving the
governing equations related to the discontinuous state of the full-car model is more complex due
to various wheel and suspension constraints. Therefore, this study examines how the progression
of separation impacts the vertical displacements and pitch motions of a 4DOF half-car model and
validates the system's ride comfort under specific conditions. Under the separation condition,
contact is lost when the displacement of the unsprung mass exceeds the road excitation, and the
contact force becomes zero due to the lack of interaction [16].

2. VEHICLE MODELING

In this section, the article introduces a half-car model along with its corresponding differential
equations in the dimensional domain. Furthermore, the notion of separation time between the road
and the tire will be presented.

2.1. Half-car model

A vehicle’s half-car vibrating model, depicted in figure 1 and featuring four degrees of freedom,
is employed for investigating vibration dynamics. This model encompasses vertical body bounce
x, body pitch 6, wheels’ hops x4, x,, and independent ground inputs x,, x,.
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Figure 1. Half-car model for a vibrating investigation. Where: m is body mass; C is the mass
centre; 1, is the lateral mass moment; a,, a, are distances from the front and rear axles to the

mass centre; c,, ¢, are the damping coefficient of the dampers; k;, k, are the stiffness of
suspension springs; k¢4, k., are the stiffness of tires.
2.2. Governing equations in the in-contact state

Under typical circumstances, the tire remains in constant contact with the surface. The
differential equation system governing the model in this in-contact state is as follows [17]:
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2.3. Governing equations in the no-contact state

When the vehicle's suspension encounters periodic vertical inputs administered via the contact
patch, it might lose contact with the ground, entering a state of separation. In this separation mode,
the equation system governing the tire-road interaction will be as follows:
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The inclusion of pitch motion renders the equation system more complex compared to a quarter
model with only two states. Consequently, the study employed an ODE solver in MATLAB to
numerically solve the differential equations.
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3. RESULTS AND DISCUSSION

Here, The analysis of the time response of the bicycle-car model begins with the assumption of
harmonic excitations. Specifically, the input excitations for this study are sinusoidal functions that
represent wavy roads in the following form: x,.; = yysinwt; x,, = yosinwt. Consider a vehicle
featuring independent suspension in the front, the practical half model of this car is detailed in
table 1 [9].

Table 1. Parameters of a half-car model.

Parameter | Value [Unit] | Parameter | Value [Unit]
m 420 kg L, 1100 kgm?
my 53 kg m, 76 kg
a, 14m a, 1.47m
[ 1000 Ns/m [ 1000 Ns/m
kq 10000 N/m ko 13000 N/m
ko 200000 N/m kiq 200000 N/m

In practice, high speeds and large bumps impact the tire-road contact. Therefore, the simulation
is conducted with varying road amplitude y, and input frequency w. Initially, ride comfort is
examined over time by solving the aforementioned equation system with two periodic vertical
inputs from the road. To identify transitions between in-contact and no-contact states in the time
response, the program incorporates two indicator variables, denoted as I, and I, which determine
the state of the wheels at each evaluation point. A value of 0 signifies the in-contact state, while
0.1 indicates the contact-free state for the front wheel, and -0.1 denotes the absence of contact for
the rear wheel.

Yo = 0.2m; w = 4rad/s
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Figure 2. Time response in the in-contact state.

In the time response within the in-contact zone, as indicated in figure 2, the system remains in
a state of no-separation, consistently maintaining contact with the surface. Despite a high road
amplitude of y, = 0.2 m, the tires remain inseparable and do not deviate from the contact
condition. This could be attributed to a low input frequency w = 4 rad/s, causing both indicators
to align with the x —axis. It is noteworthy that the time response of the front wheel x; closely
resembles that of the rear wheel x,, except for the initial period when transient response is observed
in the rear wheel.

At higher excitation frequencies, the tire may lose contact with the road. This separation
phenomenon is illustrated in figure 3, particularly evident at the rear wheel, as the input frequency
is increased to w = 10rad/s. The indicator I, tracks the states of the rear wheel at any given
moment. For instance, at the beginning, the rear wheel maintains contact with the surface,
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separation occurs around 0.8s into the cycle, and contact is reestablished at 1.1s. Consequently,

the rear wheel remains out of contact with the surface for a certain duration during each cycle.

Meanwhile, separation does not occur in the front tire, thus, I; consistently remains at zero.
=0.1m; w = 10rad/s
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Figure 3. Time response with no-contact at the rear wheel only.

Generally, figure 4 illustrates the intriguing separation phenomenon occurring in both tires,
where they lose contact due to being unable to follow the road at a high input frequency of w =
22rad/s. Notably, the rear wheel experiences separation from the ground more frequently than
the front wheel, as evidenced by the indicators I; and I,. Consequently, the displacements of both
wheels exhibit significant disparities, indicating that they do not remain coincident.

Yo = 0.1m; w = 22rad/s
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Figure 4. Time response with both wheels separated.
Yo = 0.1m; w = 10rad/s
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Figure 5. Time response with no-contact at the front wheel only.
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The front wheel could be separated only from the ground when the structure of suspension
system changed, as can be seen in figure 5. To examine how the suspension structure affects tire-
road separation, the paper adjusts the coefficient of the main stiffness. Here, the stiffness of springs
in the front suspension is greater than the rear one, such as k; = 13000 N/m, k, = 10000 N/m
while other inputs remained. Even though the dynamic responses of both wheels coincide, the rear
tire consistently maintains contact with the road profile.

y0=0.1m, w=30rad/s

;
ey,

Figure 6. Series of time response with no-contact assumption.

To observe how the dynamic response changes in the absence of contact, a sequence of system
time responses is illustrated in figure 6. These responses depict multiple displacements
simultaneously in reaction to a high-frequency excitation with w = 30 rad/s. The bouncing and
pitching of the vehicle, along with the vertical displacements of both tires, are displayed in four
planes represented by x, 8, x;, and x,, respectively. When the tires are in contact with the road, the
body and two wheels appear to have three vertical responses, which are harmonic waves. However,
this pattern does not hold true when separation is considered, leading to significant reductions in
unexpected effects on vertical ride comfort and pitch motion due to high amplitudes.

a) Front wheel b) Rear wheel
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Figure 7. Phase portraits of two wheels.

Phase plane analysis is a widely used and valuable technique for studying the behaviors of
nonlinear systems. It involves plotting trajectories in a two-dimensional graph within the
configuration space of the dynamic system, representing the system's evolution based on two
systemic state variables under various initial conditions. Tire-road separation introduces
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nonlinearity, causing dynamic response trajectories to diverge from those of a linear system
without separation. Figure 7 illustrates phase portrait graphs in a dimensional field using input
parameters from figure 6, excluding a transient period.

These graphs depict the dimensional phase portraits of both wheels' displacements
corresponding to their velocities, as shown in figures 7a and 7b. In the case of the no-contact
assumption, figures 7c, 7d show three directions of v, x, and investigation time, a 3-D helix of
geometric pitch is formed, corresponding to an ellipse in the two-dimensional plane depicted in
figures 7a, 7b. However, there is a noticeable deviation in the separation response from this
elliptical pattern. It's worth noting that figures 7a and 7b omit the first half of the investigation
time, while the other two graphs start from the beginning of the investigation time.
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Figure 8. Phase portraits of body bounce and pitch motion.

Figure 8 displays the relationship between displacement and velocity for both the vehicle’s
body and pitch dynamics. The dynamic responses for both exhibit harmonic functions, forming an
ellipse when projected onto a plane, as illustrated in figures 8a and 8b. However, when separation
occurs, the body bounce and pitch motion become more chaotic, as depicted in figures 8c and 8d.
This has a significant impact on passenger ride comfort.

4. CONCLUSIONS

The study concentrates on simulating the tire-road separation phenomenon using a half-car
model in the nondimensional field. It examines the system's time response in both contact and no-
contact states, indicated by two indicators. Furthermore, it investigates factors influencing the
separation phenomenon, including road conditions and suspension structures, through two- and
three-dimensional phase portraits. By comparing responses in these states, the paper underscores
the differences resulting from tire-road separation, which ultimately diminishes passenger ride
comfort. The novel findings, including the time response of separation dynamics for the 4DOF
half-car model, could be valuable for future research and designers.
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TOM TAT

Khio sat anh hwéng ciia mdt sé thong sé dén hién twong tich banh xe khéi mit duong
thong qua viéc str dung mo hinh % dong lue hoc dao dong 0 t6

Ngi dung bai bdo tdp trung trinh bdy két qua nghién ciru hién twong tich banh bang
phirong phdp mé phéng so thong qua viéc sir dung mo hinh 7z dong luc hoc dao dong 6 to.
Noi dung chinh la xem xét ky luong cac tinh huong trong do tip trung vao hién tuong khi
banh xe mat tiép xiic voi mdt dwong. Cac két qua tinh todn ca trong mién thoi gian va mién
tdn sé gitip phan tich chuyen Vi thang du'ng va goc ldc doc ciia than xe trong ca hai truong
hop banh xe co tiép xiic va mat tlep xXuc voi duong. Dong thoi, cho phép chi ra anh hwong
cia két cau ciia hé thong treo va diéu kién dwong dén hién twong tach banh cia timg banh
xe va ctia dong thoi ca hai banh xe. Thong qua viéc so sanh, danh gia cac két qua trong ca
hai truong hop néu trén sé cung cdp nhitng thong tin co gid tri cho cdc nha thiét ké nham
lira chon cdc théng s6 t6i wu ciia hé thong treo givp giam thiéu hién twong tich banh xe
khoi mat dwong.

Tir khéa: Dao dong 6 t6; M6 hinh dong lyc hoc 1/2 ; Hién twong tach banh; M6 hinh dao dong '4; An toan chuyén dong;
Do ém diu chuyén dong.
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