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Abstract: This paper presents a vibration analysis of a truck suspension system using a
dependent vibrating half-car model to evaluate its dynamic behavior under tire-road contact
and separation conditions. The proposed model consists of four degrees of freedom and
considers the coupled motions between the front and rear wheels. A numerical approach is
applied to calculate the vertical and roll responses of the suspension system under different
road excitations. The equations of motion are formulated by incorporating the tire-road
separation condition for both wheels, allowing the transition between contact and separation
states to be examined. The effects of road profiles and suspension parameters on the dynamic
responses are analyzed in both the time and frequency domains. The results show that
considering tire-road separation provides a more realistic prediction of vehicle vibration
behavior compared with the conventional assumption of continuous tire-road contact. The
findings can be used as a reference for suspension design and for developing control methods
aimed at improving vehicle stability and rollover resistance.
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1. INTRODUCTION

The suspension system, which connects the vehicle body to its wheels, plays a crucial role in
minimizing the effects of road-induced vibrations. By allowing relative motion between the
wheels and the body through control arms or links, the suspension isolates the vehicle from road
irregularities. Springs help shift the frequency of road disturbances into a more comfortable range
for occupants, while dampers dissipate the energy generated by dynamic loads. Together, these
components work to enhance ride comfort and maintain vehicle stability over uneven roads [1].

Rollover crashes remain one of the critical safety issues in vehicle operation, particularly
for passenger cars and light trucks. According to the U.S. National Highway Traffic Safety
Administration (NHTSA), approximately 10,000 fatalities were reported in rollover crashes in
2000, accounting for nearly one-third of occupant fatalities in passenger cars and light trucks
[2]. The roll behavior of vehicles has been studied using full-car and half-car models. Although
full-car models provide a more detailed representation of vehicle dynamics, their higher degrees
of freedom increase the complexity of the analysis, especially when additional realistic factors
are considered [3]. Under normal driving conditions, the roll angle of a vehicle is generally
maintained within a small range of approximately 2-5 degrees. However, during cornering
maneuvers or unstable operating conditions, the roll angle can increase to around 7-10 degrees
depending on vehicle characteristics and driving conditions [4]. Ref. [5] reported that the
suspension travel of light vehicles can reach approximately 0.25 m, which may contribute to a
roll angle of up to 10 degrees.

Suspension systems can be broadly categorized into independent and dependent types. In
independent suspension systems, each wheel operates separately, so movement in one does not
influence the others. In contrast, dependent suspension systems involve a mechanical or fluid
connection-such as a solid axle or interconnected hydraulic or pneumatic actuators-causing the
movement of one wheel to affect the other [6, 7]. This study focuses on the dependent
suspension system of a Huyndai HD 170 truck to analyze its vibration behavior, including roll
dynamics.

In vehicle dynamics, it is commonly assumed that all wheels maintain continuous contact
with the road surface [8]. However, in real-world conditions, tire-road separation can occur, as
illustrated in Figure 1. This phenomenon typically occurs under high-frequency, high-amplitude
road excitations or at high speeds [9]. When separation occurs, a gap forms between the tire and
the road surface profile [10].

Tire-road separation refers to brief moments when the tires lose contact with the ground, with
reconnection occurring only due to gravitational force [11]. This dynamic event compromises
traction, handling, ride comfort, and increases the risk of rollover while the vehicle is in motion
[12]. During such intervals, the tire is unable to deliver the required grip and traction, temporarily
reducing vehicle control. This may result in sudden jolts or shifts in motion, reducing overall ride
quality [13]. The loss and re-establishment of contact can transmit shocks and vibrations to
passengers [14]. Since the friction between the tire and the road is crucial for braking,
acceleration, and steering, any disruption in this contact can endanger vehicle safety [15, 16].
Therefore, analyzing the vehicle’s vibration system is essential for understanding how tire-road
separation impacts both ride comfort and safety.
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Figure 1. Wheel model and path during motion over a bumpy road.

The structure of the paper is as follows: Section 2 introduces the dependent suspension
system through a half-car vibration model, including the governing equations and tire-road
separation conditions. Section 3 presents simulation results for both vertical and roll responses
under scenarios with and without tire-road separation. Finally, the conclusions highlight the main
findings of the research.

2. VEHICLE MODELING

In this section, a vibrating half-car model of a truck is presented along with its
corresponding system of differential equations. Additionally, the equations have been extended
to account for the no-contact assumption based on the introduced tire-road separation condition.

2.1. Governing equation system

The most fundamental approach to analyzing and improving lateral stability is by using the
half-car model. Figure 2 illustrates the vibratory system with 4 DOF as seen from the front of
the Hyundai 170D truck. This type of suspension functions as a solid connection between the
two wheels, transferring movement and force from one wheel to the other. It is commonly
referred to as a dependent suspension system. To make the vibration analysis simpler, this study
ignores the damping effect of the tire. This is because tire damping is small compared to the
main damping in the system. Leaving it out allows the analysis to focus on the key damping
sources and better understand the vibration behavior.

In dynamic analysis, the suspension may be assumed to consist of rigid bodies connected
by springs and dampers. An upper rigid body representing the car body is presented, with a
mass of m, , referred to as the sprung mass. The bar has a inertia moment of /,, and represents
the front mass of vehicle body. A lower rigid body represents the unsprung mass, with a mass
of m; and a moment of inertia of /. The stiffness of the tire is symboled by k,. The truck's
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suspension system includes a damping coefficient ¢ and a stiffness coefficient & . It is typically
designed with symmetrical suspensions on the left and right sides, meaning both the damping
and stiffness values are equal for each side. The roll angles are represented ¢, ¢,, and

excitation profiles y;, ¥, .

A
y
A
/

bi,

Figure 2. Half-car model of a dependent suspension system.

By applying Newton's second law, the vibration dynamics in the in-contact state are
described by the following equations:

My +k(xy = X1 + b1y = b3y 1) + k(xy =X =byp 05 + Dy p1)
+c(ty =Xy +by 1Py —by ) + (X =Xy —byp Py + Dy ) =0 (1)
12 +by1c(Xy =Xy + by Py — by py) + by k(g =21 + Dy 0 =Dy 1)
—byyc(Xy =Xy =Dy @y + b2y ) — Dok (x) =Xy —byy + b3y ) =0 (2)
my Xy + k(0 = y1 + b)) + ki (xp = vy —bogy)
—k(xXy =1 + D31 — by ) —(dy — Xy + Dy 1P — Dy )
—k(xy =X = by +byypr) —c(Xy =X =Dy + by ) =0 3)
L@y +byik, (= vy + b)) = bk, (xy — y2 —bppr)
—by1k(xy = X1 + 53109 — by 1) = by (%) =Xy + Dy Py — b1 )
+bypk (Xy =X =Dy Py +byo ) +byac(Xy =Xy =Dy Py +byop) =0 “4)
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The half-car vibration model is excited by the rough surfaces. The amplitudes of road way
are represented by Y,Y, and o;®, denote the angular frequencies. It is noted that when the

values of the two angular frequencies are equal, it is symboled by @. The road profiles are
functions of time, expressed as: y; =Y .sin(@.f) va y, =Y,.sin(@,.t) . When the wheels lose

contact with the road under severe conditions, the elastic force from the tire acting on the road
and the reaction force from the road become zero, and only the gravitational force remains
acting on the system. The displacement and roll responses of the body still follow equations (1)
and (2), while the motion equations of the unsprung mass are given by:

myy + (my +my) g —k(xy =x1 + by 19 — b1 1) —c(Xy =Xy + Dy 10y =Dy y)
—k(xy =X = by + by ) —c(Xy =X = by + by ) =0 (5)
L@y = b1y =%y + D31 @y = Do 1py) = b1k (Xy =Xy +Dy 10y =Dy 1)
+byyc(Xy =X =bya @y + by ) + byyk (xy =X =gy s +byo) =0 (6)

2.2. The tire-road separation condition

Depending on the tire's static compression, the traveling wheel can exist in two states. If
the vertical displacement of the tire is less than its static compression, it remains in contact with
the ground. However, if the vertical movement exceeds the static compression, the tire loses
contact and enters a free-flight state. Combining the vertical displacement with the torsional
motion of the unsprung mass creates the displacement of the wheels. The relative displacement

of the left wheel is calculated as z; = z; +bll¢1 —Y,, while for the right wheel it is

T, = + b12¢1 — Y, . Therefore, the tire-road separation condition is given by:

In-contact condition for left wheel: z; + bllgol -y, <Tp (7)
No-contact condition for left wheel: z; + bll(p1 — Y 2Ty (8)
In-contact condition for right wheel: z; + 612g01 — Yy < Trpg 9)
No-contact condition for right wheel: z; + b, — Yy = Ty (10)

The condition for the left wheel to lose contact with the road surface is given by equation
(8), while the separation condition for the right wheel is defined by equation (10). Therefore,
three possible separation scenarios can occur. When both equation (8) and equation (10) are
satisfied, the left and right wheels separate from the road surface simultaneously. If only
equation (8) together with equation (9) is satisfied, only the left wheel loses contact with the
road surface. Conversely, when equation (7) and equation (10) are satisfied, only the right wheel
separates from the road surface.
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Where, the static compressions for the two tires are:

b b b b
3 by +byy by + byy 3 by +byy by + byy
Tpy = k and Tpy = 3 (11)

t t

The governing equations of the proposed model are solved numerically using MATLAB
ode45 under the specified tire-road separation condition. The ode45 solver, based on an explicit
Runge-Kutta method, is applied to obtain the time response of the suspension system. The
calculated responses are then used to evaluate the dynamic behavior and determine the
occurrence of tire-road separation under different excitation conditions.

3. RESULTS AND DISCUSSION

The vibration dynamics of a practical vehicle will be thoroughly analyzed using the input
parameters listed in Table 1. These parameters represent realistic physical and mechanical
properties relevant to the vehicle's suspension and structural system. By incorporating actual
data, the study aims to ensure that the dynamic analysis closely reflects real-world behavior.

Table 1. The parameters of a half-car model of Hyundai HD170.

Parameter Value [Unit] Parameter Value [Unit]
ny 6,300 kg I, 2,187 kg.m?
m 700 kg I 211 kg.m?
by, 1 m by 1.04 m
by, 0.93 m by, 0.97 m
k 390,000 N/m k, 1,500,000 N/m
c 25,000 Ns/m

The time response is commonly used to characterize the dynamic behavior of a system. In
the context of the vibrating model, the time response illustrates how the vertical displacement
and roll motion evolve over the specified time interval. By analyzing these responses, one can
gain insights into the system’s stability, transient behavior, and steady-state performance. This
information is particularly valuable for evaluating ride comfort and handling characteristics in
practical vehicle applications.

In Figure 3, the time responses of the dependent suspension at a low input frequency
w="Trad /s are illustrated. Due to the low road excitation frequency, the system primarily
responds within the contact period, and the values of the separation indicators /;,/, remain zero

throughout. It is important to note that the road excitations on both sides are identical, causing the
displacements of both wheels x;,., x;; to coincide with each other. The response of both wheels

follows the shape of the road excitation; however, the amplitudes reach approximately 0.12m,
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which is higher than the amplitude of the road input ¥ =0.1m,Y, =0.1m . Therefore, the roll

angle of the body is effectively zero, while the vertical displacement of the truck body ¢,

vibrates harmonically with an amplitude of approximately 0.17 m.
Y;=01m;Y; =0.1m;w = Trad/s

T I
0.2~ —Xur = Xy Xy —I —T — ]
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Figure 3. Time responses in the contact state.
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Figure 4. Time responses with right wheel separated.

To observe when a wheel loses contact with the ground, the input data is kept the same
while the two road excitations are changed. The input frequency is increased @ =38 rad /s, and

the left wheel is given a new road amplitude ¥; =0.06m . As shown in Figure 4, the right wheel
X1, shows a smaller response. As a result, the vertical vibration of the vehicle body decreases

to 0.16 m. Interestingly, in this case, the left wheel becomes separated from the road. This
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separation is detected using an indicator function /,, where each separation period is marked

by a value of 0.05 or -0.05. Meanwhile, the right wheel stays in contact with the road, shown
by an indicator /; value of 0. The roll motion of the vehicle body ¢, now vibrates in a harmonic

pattern with an amplitude of 0.02 radians. The amplitude of the roll motion is approximately
equal to 1, which is at the limit of vehicle stability.

Y;=01m;Y,=0.1m;w = 8rad/s
I T

0.3 1 \ I .
‘—Xu X1 xg —I; —1I 902‘
0.2 - T
z 4
= 0.1
)
g
o
&
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2
-0.1- -
-0.2 | | I | |
0 1 2 3 4 5 6

Time [s]
Figure 5. Time responses with both wheels separated.

Building on the input data from Figure 3, the frequency of the road excitations is increased
to w=28 rad /s . As a result, both wheels enter a free-fall state, as shown in Figure 5, with the

separation indicators reaching values of 0.05 and -0.05, respectively. Both wheels are separated,
leading to an increased displacement of the truck body, reaching up to 0.25 m after the transient
period. Even though both wheels lose contact with the road, their dynamic responses remain
closely aligned. This leads to a roll angle so small that it can be considered negligible.
Therefore, in terms of roll dynamics, it can be inferred that having both wheels separated at the
same time may actually result in better stability than having only one wheel separated.

Another way to analyze vibration dynamics is by using a phase portrait, which shows both
displacement and velocity at each simulation point. In the case of wheel separation, Figure 6
illustrates the phase portraits of the vertical responses for both tires in three-dimensional space,
showing displacement X, (x;;) and vertical velocity v, (vj;)during the two-wheel hop over
time. These 3D curves are generated under separation conditions with high vibration amplitude
Y, =0.1m,Y, =0.Im and low input frequency @w=9rad /s. In this scenario, the relationship
between displacement and velocity forms a helical pattern, indicating chaotic system behavior.
When projected onto 2D planes, the phase curves of the half-car model do not show harmonic
responses-this behavior appears only under separation conditions. If both tires remain in contact
with the road, the system behaves more regularly.
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Figure 6. Phase portraits of wheel’s motion.
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Figure 7. Frequency response of the vehicle body.

These previous graphs are plotted only at a specific input frequency. By capturing the
amplitude from each graph, we can plot the system's frequency response. The frequency domain
allows for the simulation of vibration dynamics across a wide range of input data. The frequency
domain of half-car model of the truck is depicted in Figure 7 over input frequency of road
excitation from 0 to @ =80rad /s . Furthermore, the previous time responses do not provide a

comparison between the separation and no-separation cases.
When the tire-road separation assumption is applied, the actual response deviates
significantly from the no-separation curve. In this case, the response with separation is generally

higher than that without separation. This highlights the importance of accounting for separation
effects in dynamic analysis, as neglecting them can lead to underestimating vibration
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amplitudes and misjudging vehicle performance. Including the separation assumption allows
for more accurate modeling of real-world behavior, especially under extreme road conditions
or high-speed excitation. The two curves have the same resonant frequency. The first resonant
frequency of the truck body is estimated to be at w=9rad /s, while the second resonant
frequency is not clearly identifiable.

To gain a deeper understanding of the system's behavior, the study examines the frequency
response of the unsprung mass, as shown in Figure 8. Before reaching the resonant zone, both
the separation and no-separation curves coincide completely. Within the resonant zone, where
the input frequency ranges from 8 to 12 rad/s, the separation curve becomes significantly higher
than the no-separation curve, reaching an amplitude of over 0.2 m-more than twice the road
input amplitude. However, beyond the first resonant zone, the two curves become nearly
identical. The first resonant frequency is mainly affected by the sprung mass, while the second
resonant frequency is mainly influenced by the unsprung mass. The two resonant zones generate
dynamic vertical forces transmitted to the passengers and the road surface. Therefore, accurate
simulation of the vehicle body frequencies is important for evaluating vehicle vibration
characteristics. When the excitation frequency is close to these resonant frequencies, the
vibration amplitude can increase significantly. This may reduce ride comfort and increase the
dynamic tire load acting on the road.

I I I

=—No-separation
0.2 =——Separation

0.15 |
£
s 0.1 — .

0.05 | y

0 1 | 1 1 1 1 |
0 10 20 30 40 50 60 70 80

wlrad/s]
Figure 8. Frequency response of the unsprung mass.

The roll response is one of the most uncomfortable vibrations experienced in a vehicle.
Figure 9 presents a comparison of the roll frequencies of the unsprung mass under both contact
and no-contact conditions. If tire-road separation is ignored, the roll motion appears minimal,
as shown by the no-separation curve. However, when the tire-road separation is considered, the
roll angle in the real system becomes significant, especially at the first and second resonant
zones around 9 rad/s and 34 rad/s, respectively. In these zones, the roll angles reach

approximately 6" and 20, values that can significantly reduce ride comfort for both the goods
and the driver. Investigating roll dynamics is crucial because excessive roll can affect vehicle
stability and passenger comfort. Understanding these dynamics helps in designing suspension
systems that minimize harmful vibrations and improve overall safety.
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Figure 9. Roll motion of unsprung mass.

The dynamic tire forces generated from road excitation are transmitted to the driver and
cargo through the suspension system and truck body. Therefore, evaluating the roll dynamics
of the vehicle body is important for assessing vehicle stability. As shown in Figure 10, the roll
angle of the rigid body is compared between the tire-road separation and continuous contact
conditions. The frequency response can be divided into three main regions. The two resonance
regions are related to the coupled vibration characteristics of the sprung and unsprung masses.
In these regions, the roll angle under the separation condition is generally higher than that under
the contact condition. However, an opposite trend is observed in the intermediate frequency
range between the two resonance regions, particularly from 16 rad/s to 26 rad/s. The maximum
roll angle reaches approximately 0.13 rad (7.45%), indicating a considerable influence on vehicle
stability. Such a large roll response may increase the risk of unsafe operating conditions,
especially during severe road excitation or cornering maneuvers. Therefore, accurate modeling
of tire-road separation is necessary, since simplified assumptions may underestimate the roll
response and fail to capture critical stability characteristics.
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Figure 10. Roll motion of vehicle body.
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4. CONCLUSIONS

This study presents a vibration analysis of a truck suspension system with consideration of
both vertical and roll motions. The tire-road separation condition is incorporated into the half-
car model to investigate the vehicle responses under different road excitations. The results
obtained in the time and frequency domains show that neglecting tire-road separation may lead
to an inaccurate prediction of roll angle and vertical displacement, especially near resonance
regions. This difference indicates that the continuous contact assumption may underestimate
potential safety issues related to excessive roll motion and rollover risk. The results also show
that the separation of both wheels can produce different roll responses compared with the case
of single-wheel separation, depending on the excitation conditions. Therefore, accurate
modeling of tire-road contact loss is necessary for evaluating vehicle stability and improving
suspension design and control strategies. In the next step, the research will use the ADAMS
environment to validate the analytical results. The simulation results obtained from ADAMS
will be compared with the proposed theoretical model to evaluate its accuracy and reliability.
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