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The influences of nonlinear suspension system with air spring and nonlinear asymmetrical (NA) absorber in
comparison with a linear suspension is analyzed based on a lateral dynamic four degrees of freedom (4-DOF) model.
The lateral dynamic model considers the effects of anti-roll bars, the roll center position, and the transient excitation
of the road on the roll stability performance. The characteristics of the suspension system, the position of the roll
center, the road excitation load all play very important roles in determining the roll stability of the vehicle. The
maximum dynamic roll angle with nonlinear suspension is always smaller than that with linear suspension. The
maximum dynamic rollover stability index is strongly dependent on the velocity and about 27% on average lower
than that of linear suspension in the whole velocity domain, subjected under road excitation. However, the maximum
of absolute acceleration is always larger with the nonlinear suspension system.

Keywords: rollover stability, roll center, lateral dynamic model, air spring, nonlinear asymmetric damper

1 INTRODUCTION

To meet the increasing demand for long-distance passenger transport, large size vehicles have been actively
designed and manufactured by automobile manufacturing and assembly companies with a localization rate of over
50%. Therefore, conducting research to evaluate the dynamics directly related to the safety of vehicles is very
necessary and consistent with the general development trend in the development strategy of the automobile industry
in Vietnam. Especially, the research is to solve the problem of improving the design, increasing the safety during the
operation of large size vehicles, contributing to reducing the number of traffic accidents. Moreover, traffic safety
issues especially related to large size vehicles have been and are receiving a lot of attention in Vietnam.

The phenomenon of large size vehicles being rollover when an accident occurs during traffic participation shows the
need to conduct research related to the roll stability [1,2]. Many studies have been carried out to solve the problem
related to increasing the roll stability and safety. The roll angle, and the height of the vehicle's center of gravity from
the roll center are two important parameters that directly affect the safety and roll stability of vehicles. The theoretical
method of determining these two parameters in real time has been verified by experimental measurements with a
low frequency tilt angle sensor and a gyroscope [3]. The roll angle and lateral acceleration together with inspection
of lane departure obtained by a vehicle dynamic simulation model, which is a proposed technique to access the
safety and accident prediction on expressways [3]. The influences of roll angle on roll stability with different
suspension types and wheel camber angles has been studied [5]. The height of the center of gravity is used as a
control parameter to predict the critical rollover stability condition, thereby controlling the brake force distribution
system to increase the stability of the vehicle [3, 6]. Research on smartphone application in predicting vehicle rollover
stability when turning or changing lanes, in which a new rollover speed prediction model is based on the derivation
of three-degree-of-freedom vehicle dynamics and LTR, is presented [7]. The lateral load transfer rate is defined as
the vehicle rollover evaluation index, which is used to control the speed of the electric motor to increase the roll
stability of the electric vehicle [8]. Controlling the off-road vehicle suspension system reduces the roll angle to prevent
rollover [9]. The roll angle control models in the lateral plane are employed to investigate the influences of the roll
angle motion control on the roll stability features [10]. A study on rollover index and stability for a triaxle bus is carried
out using a six degree of freedom rollover model of the triaxle bus, based on the LTR the rollover index established
for the front and rear axles separately [11]. Therefore, it is necessary to conduct research to be able to evaluate the
dynamic parameters affecting the roll stability and safety of large size vehicles. All contribute to determining the
parameters as a design database to improve the safety and operation of these large size vehicles. The article derives
a lateral dynamic model with 4-DOF, including the role of anti-roll bars, the influences of the roll center position, and
the excitation effects from the road.

Calculations are carried out based on typical large size bus manufactured by Samco, Vietnam. The roll stability
indexes are the roll angle and the LTR, which are determined and analyzed in the time domain, the excitation velocity
domain from the road, and in the height of the center of gravity from the roll center domain. The obtained results are
compared with both linear and nonlinear suspension systems to evaluate the vehicle's roll stability.
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2 CALCULATION MODEL AND INPUT PARAMETERS

2.1 Lateral dynamic 4-DOF model

To study the lateral dynamic stability, the 4-DOF lateral dynamic model is employed, Fig. 1.

B

Fig. 1. The lateral dynamic 4-DOF model.

The model allows to investigate the lateral dynamic parameters of the vehicle body, or namely the sprung mass
element in the vertical x direction, and its rotational motion about the position of the roll center. The under body
components of the vehicle are modeled by two un-sprung masses on the left and right side, my1 and my2 respectively.
The applied forces due to the lateral acceleration component ay acting at the position of the vehicle's center of gravity,
and due to the road excitation yi, y2 corresponding to the left and right side respectively.

The symbols, and the meanings of the lateral dynamic model parameters, are given in Table 1.

Table 1. The lateral dynamic 4-DOF model parameters

Symbol Description Value
Ms Sprung mass [kg] 14,010
Ixs Mass inertia moment of the bus body about the x axis [kg.m?] 18,970

muz, My2 | Un-sprung mass on the left and right side [kg] 1,940

ko1, ko2 | Initial air spring stiffness on the left and right side [N/m] 339x10°

Co1, Coz | Initial damping coefficient on the left and right side [Ns/m] 29,000

ki1, k2 Tire stiffness on the left and right side [N/m] 2,400,000
Kr Anti-roll bar stiffness [N/m] 112,376
X Vertical displacement of the sprung mass [m] -

X1, X2 Vertical displacement of the un-sprung mass on the left and right side [m] -
¢ Roll angle of the sprung mass [rad] -

Y1, Y2 Road excitation on the left and right side [m] -

b Distance from the center of gravity to the center of the left or right wheel [m] 0.98

hg The height of the sprung mass’s center of gravity [m] 1.8

hgr The height of the sprung mass’s center of gravity from the roll center [m] 0.5+1
ao The angle formed by two dimensional parameters of b and hr [rad] atan(b/hg)
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For simplicity, we consider the model to be symmetrical relative to the longitudinal plane of the vehicle, it means that
the parameters of size, mass, suspension, tires, anti-roll, on the left and right sides are equal. The position of the roll
center in the lateral plane lies on the axis Ox and is a distance hg from the sprung mass’s center of gravity C. The
lateral plane in the model is formed by gradually narrowing the front and rear of the vehicle. Therefore, the parameters
of mass, suspension, tires, anti-roll on the left and right sides of the vehicle are determined as the sum of the
components of the front and rear parts corresponding to the left and right sides of the vehicle respectively.

The Doosan bus manufactured by Samco in Vietnam is investigated to determine the input parameters used for
calculation.

The mechanical system is affected by the force components located at the vehicle's center of gravity, including: the
lateral force component caused by the lateral acceleration ay; The gravitational force when the gravity center deviate
from the symmetrical position; And the centrifugal force component generated by the rotational motion of the vehicle
body around the roll center, does not coincide with its center of gravity. In addition, the excitation effect from the
uneven road surface y1 and y2 independently on the left and right sides of the vehicle, is also integrated in the model.

Differential equations describing vehicle lateral dynamic 4-DOF model, with a state variable vector

X = [x P X X ] is written in the general matrix form, as shown in equation (1).
[m]X +[c] X +[k]X =[F] (1)

Where, the mass matrix [m], stiffness matrix [K] with instantaneous stiffness of the nonlinear air-springs determined
according to the displacement value and its state of extension or compression, presented in detail in the section 2.2
below. Similarly, damping coefficient matrix [c] with instantaneous damping coefficient of asymmetrical nonlinear
absorbers determined according to the value of motion velocity and its state of extension or compression, presented
in detail in the section 2.3. The vector of the applied force components [F] and the matrices included in the general
dynamic equation (1), are presented below.

X X X
x= 21 x=|?| x-|’
X |’ X | Xy
X2 X, X,
m; 0 0 0
[m]- 0 Il +mhi 0 O
0 0 my, O
0 0 0 my,
keql + kqu dsin 20 (keql - kqu) _keql _keqz
. 2 . 2 - .
[k]= dsina, (keql - keqz) d“sin® (keql +Keqo ) +kp  Kegdsinay —Kedsineg
Ceql + Cqu —dsin Q (Ceql - Ceq2 ) _Ceql _Ceq2
. 2 .2 . .
[c]- ~dSiN g (Cogr —Ceqz) 0% SIN® g (Cogy +Ceqa)  CondSiNet  —Cegrd sing
—Ceq1 Cequd SiN g Ceqt 0
| —Ceq2 —Ceq20 SiN g 0 Ceq2

[F]

KeqiNR — Keq2Nr — Keqnd €OS @ + Keqod COS o + F; COS
M

X_ay
— Keq2Nr 0 SiN 0 + Kegy % SiN o COS a7 + Keg 0% SN ot COS
K Y1 — keqlhR + keqld cos

Ki2Y2 + Keg2Ngr + Keq2d COS g
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2.2 Air-spring

The suspension system includes an air-spring element. Based on the variable parameter between displacement and
the force at the pressure value of the air-spring used on the vehicle, the corresponding stiffness of the air-spring is
determined, keq. The 3rd order polynomial interpolation method is employed to calculate air-spring stiffness based
on the instantaneous displacement value relative to the initial equilibrium position of the air-spring corresponding to
the extension or compression stroke. The initial leveling position of the air-spring is assumed to be mean value of the
displacement of the air-spring relative to the applied force. The observed bus is designed with one air-spring in the
front and two in the rear, the stiffness of the air-spring on each left or right side of the bus is the sum of the stiffness
of all three front and rear air-springs totally. The experimental and interpolated stiffness variation curves, the 3rd
order polynomial used to calculate the front suspension relative to the displacement around the equilibrium position
are shown in Fig. 3. The stiffness at the initial equilibrium, ko=339x108 is equivalent to a natural frequency close to 1
(Hz), which is the usual natural frequency of common vehicle suspension systems, [12].

The range of working stroke of the air-spring is £0.125 (m).
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Fig. 2. Equivalent stiffness versus displacement of the front air-spring, experimental and polynomial interpolation.
2.3 Asymmetric nonlinear absorber

The initial damping coefficient is chosen so that co=29,000 (Ns/m) to perform the calculation, corresponding to the
damping ratio value ¢=0.3, as in (2), [12].

R e
2, /myky &)

Where ms1 and ks1 are the mass of the sprung mass and the total stiffness of the three air-springs on the left side of
the vehicle, respectively. With the initial condition, the damping coefficient is equivalent to ceq=Co, when the damping
force is equivalent to zero, Feqp=0. When the system is subjected to an external applied force, Feqp#0, the equivalent
damping coefficient, ceq is determined based on parameters including: the equivalent damping force Feqp, Suspension
relative velocity, and whether the stroke is extended or compressed. The selected asymmetry coefficient
corresponding to the 30/70 asymmetry ratio is ep=0.4, it is a common symmetric coefficient [13]. The equivalent
damping coefficient changes when the velocity dx reaches the knee-point critical value dx.=0.05 (m/s), with
coefficients k=1, A=2.
Equivalent damping force value is calculated according to (3).
xCodx(1-ep );

if dx < 0,and |dx| < dx,
(1-ep)c, [ Adx—(x = A)dx, |;

if dx < 0,and|dx| > dx;
KCydx(1+ep);

if dx >0,anddx < dx,
(1+ep )¢y [ Adx+(x—A)dx, |;

if dx >0,and dx > dx,

®3)

eqgD —

The variation characteristics of the equivalent damping force, Feqp relative to the velocity dx, for the case of linear
damping coefficient co, and nonlinear one with the equivalent damping coefficient ceq, are shown in Fig. 3.
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Fig. 3. Variation characteristics of the equivalent damping force versus velocity
2.4 The external applied loadings

To be able to capture the most dangerous scenarios that can realistically occur. Then, the step function is assumed
to be able to fully capture all abrupt changes of the vehicle’s lateral acceleration. It is employed to describe the
variation of the lateral acceleration component in the time domain to perform the calculation to determine the lateral
dynamic parameters of the vehicle body. The initial value of zero, and the selected stability value is the maximum
value (ay.it-of) to ensure safety according to the vehicle's rollover conditions, (4), [10], in which the maximum value
of inclination angle is selected, ¢, =10°.

b-h
&y jift-off = —hR%ax (4
9
The applied moment due to the lateral acceleration ay is determined according to (5).
My ay =mMmsay (hg cosg+X) (5)

The applied moment due to the force of gravity is determined according to (6).

Mx_g =msghR sing (6)

The centrifugal force at the position of gravity center caused by the roll motion of the sprung mass around the roll
center is determined according to (7).

F. = m, (hg + XC0S #) ¢ @)

The centrifugal force is directed on the coordinate system into 2 components that cause translational and rotational
motion of the sprung mass.

2.5 Road profile

To perform the calculation of the lateral dynamics of the vehicle body in the case of road excitation when moving with
a velocity value v, we use a semi-squared sinusoidal function, (8), [14]:

dzsinzz—vt; o<t<d

v

y= ' d (8)
0; t<0, t>—2
v

With the length di= 3.7 (m); And the bump height d2= 0.1 (m).

3 RESULTS AND DISCUSSION

Calculations are carried out with linear suspension, with constant spring stiffness and damping coefficient throughout
the calculation. These values are chosen to be the initial values at the equilibrium position of the system. Similar
calculations are made with nonlinear suspension, spring stiffness and damping coefficient vary during the calculation
according to the relative displacement, velocity of the suspension, and the state of suspension’s stroke, as presented
in sections 2.2 and 2.3, respectively.

Calculations are carried out for different specific cases to determine and compare the dynamic rollover stability
parameters of the sprung mass with linear and nonlinear suspension.
3.1 Inthetime domain

To investigate the roll angle in the time domain, for 2 cases of linear and nonlinear suspension systems, calculations
are carried out with hg=0.5 (m), without road excitation. The roll angle versus time for the case of linear and nonlinear
suspension is shown in Fig. 4. Due to the stiffer nonlinear suspension, with a larger damping coefficient at low
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velocity, the air spring is stiffer in compression. Therefore, the maximum roll angle is smaller and more stable than
in the case of a linear suspension.
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Fig. 4. Roll angle in the time domain

To investigate the effect of the road excitation on the variation of the roll angle and the acceleration of the sprung
mass, x; in the time domain, the calculation is performed similarly to above, however, with the consideration of the
effect of road excitation on the right side of the model only (y1), as in Fig. 1, with speed of v=40 (km/h). In the case
of nonlinear suspension, the roll angle in the time domain with and without road excitation effect is shown in Fig. 5.
The roll angle value reaches the maximum and reaches the stable value at the same time with and without the road
excitation effect. However, the maximum value obtained in the case of road excitation effects increases by more than
16%. Thus, the road excitation significantly increases the maximum value of the roll angle and does not affect its
value at steady state.
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Fig. 5. Roll angle in the time domain, in case of nonlinear suspension

The sprung mass acceleration ratio X,/g, where g is the gravity acceleration, in the time domain with linear and
nonlinear suspensions is shown in Fig. 6. The obtained results show that, the maximum absolute acceleration ratio
for the nonlinear suspension case increased by 24% compared with the linear case, the more rigid the suspension,
the greater the acceleration [12].
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Fig. 6. Acceleration ratio in the time domain
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3.2 Inthe velocity domain with road excitation

With consideration of both the linear and nonlinear cases, under the road excitation effect with the above parameters,
the range of velocity from 20+120 (km/h), hg=0.5 (m). With each value of velocity, we can determine the lateral
dynamic parameters in the time domain as in section 3.1, and respectively we can determine the maximum value,
and the steady-state value.

The maximum roll angles, and steady-state ones in the velocity domain with two types of suspension are shown in
Fig. 7.
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Fig. 7. Roll angle in the velocity domain

The mean value of maximum dynamic roll angles is always greater than the steady-state one by about 60% in the
whole observed velocity domain with both linear and nonlinear suspension systems. In the low velocity value region
v<10 (m/s), the maximum dynamic roll angle with nonlinear suspension is much smaller than in the linear case,
because at low velocity the nonlinear damping coefficient is larger or stiffer nonlinear suspension. In the region of
higher velocity, the maximum dynamic roll angle is always a bit higher than in the nonlinear case, corresponding to
the velocity range of v=10+20 (m/s) and decreases slightly when v>20 (m/s), Fig. 7. The steady-state roll angle value
with linear suspension is very little higher than that of nonlinear suspension and is almost constant throughout the
velocity domain. In the case of a linear suspension system, the maximum value of the dynamic roll angle changes
only slightly at the velocity range corresponding to the rapid increasing and creating a large difference as with
nonlinear suspension, and almost unchanged in the velocity domain. However, the maximum difference of the
maximum dynamic roll angle is only close to 5% between the linear and nonlinear suspension in the velocity domain,
or the maximum dynamic roll angle does not depend much on the velocity in the case of road excitation.

The obtained ratio of maximum absolute acceleration, max |%|/g at each velocity value varies over the velocity

domain, as shown in Fig. 8.
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Fig. 8. Maximum absolute acceleration ratio in the velocity domain
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The ratio of maximum absolute acceleration is always greater with stiffer nonlinear suspension than with softer linear
suspension, throughout the velocity domain. The difference reaches the maximum value of about 26% in the velocity
domain v=10+20 (m/s), corresponding to the dynamic roll angle in the velocity domain with the largest difference as
shown in Fig. 7. The maximum acceleration is significantly increased under the road excitation. And it is also
significantly dependent on the velocity.

Rolling motion causes a change in the vertical reaction force distribution at the wheels on the left F,2 and the right
F.1, namely the load transfer ratio (LTR), which is defined as an index to evaluate the rollover stability of the vehicle,
according to (9), the vehicle reaches the critical rollover stability when the LTR reaches a value of 1, [3].
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LTR=t2 " 9)
FzZ + le

Where, the vertical reaction force at the wheel on each side is determined with respect to time at each value of
velocity, (10).

m m
F.= kt1X1 +Tg; F,= ktZXZ +79 (10)
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Fig. 9. LTR in the velocity domain

The maximum dynamic rollover stability index (LTRayn) and the steady-state one (LTRst) in the velocity domain are
shown in Figure 9. The obtained results show that for the case of nonlinear suspension system, LTRayn is always
with an average of about 27% lower than that of linear suspension in the whole velocity domain. Especially, the peak
value of LTRayn with nonlinear suspension is about 40% lower than that of linear suspension. In addition, the steady-
state rollover stability index, LTRste remains constant and is almost equal in the velocity domain with both types of
suspension. The value of LTRayn is 3+4 times larger than the LTRste corresponding to the linear suspension, and it is
about 1+2 times larger with the nonlinear suspension. Therefore, the velocity has almost no effect on the variation of
LTRste, Wwhereas it causes a significant increase in the LTRayn. Although the obtained LTRayn shows that roll stability
is not guaranteed under the above applied loadings, the LTRayn 0f the bus with nonlinear suspension has significantly
improved roll stability on average about 27% in the whole observed velocity domain.

3.3 Inthe hrdomain

The height of the sprung mass’s center of gravity from the roll center of the sprung mass, hg is chosen to be in the
range from 0.5+1 (m) for investigation. Similarly, the calculation process is carried out in the same way as above, but
without considering the road excitation, for both suspension cases.

The maximum dynamic roll angle and steady state roll angle in the hg domain for both suspension cases are shown
in Fig. 10. The roll angle increases linearly with roughly equal slope in the hg domain, the maximum dynamic roll
angle and the steady-state roll angle are always slightly larger than in the case of the linear suspension. The
difference of the maximum dynamic roll angles between the two suspension cases is larger than that of the steady
state roll angles. The mean of maximum dynamic roll angle is 50+60% larger than the mean of steady-state roll angle
in the hg domain for both suspension cases. The maximum dynamic roll angle increased by 100% corresponds to
the hg increase of 100% in the range of observation.
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Fig. 10. Roll angle in the hg domain

The maximum dynamic rollover stability index, LTRayn and at steady-state, LTRste in the hr domain are presented in
Fig. 11.
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Fig. 11. LTR in the hg domain

Similar to the variation of roll angle in the hg domain, LTRdyn and LTRste also increased linearly in the hg domain for
both suspension cases, Fig. 11. The mean of LTRayn with the case of nonlinear suspension is always about 7% larger
than the case of linear suspension, in the observed domain of hg. The mean of LTRayn is always about 81% and 62%
larger than the mean of LTRste for the case of nonlinear and linear suspensions in the whole range of observation
domain of hg, respectively. For the two suspension types, the roll stability indexes at steady state LTRste are almost
equal and increase proportionally to hg with a smaller slope than that of the LTRayn. The slope of the LTRayn with the
nonlinear suspension is the largest. Specifically, an increase of about 100% in LTRayn corresponds to a 100%
increase in hg in the range of observation.

4 CONCLUSIONS

The roll angle and the rollover stability indexes play a very important role in the evaluation of the vehicle's rollover
stability. The obtained results are analyzed with 2 cases of linear and nonlinear types of suspension. Calculations
are carried out with the lateral acceleration in the form of a step function, the range of hg, and the road excitation with
the range of velocity.

The obtained results are analyzed in the time domain, the hg domain, and the velocity domain with the consideration
of road excitation.

The obtained roll angle with the linear suspension system is always larger than that with the nonlinear suspension
system. Especially, when subjected to the road excitation at low speed, the maximum dynamic roll angle is smaller
significantly with the nonlinear suspension. However, in contrast to the maximum of absolute acceleration is always
larger with the nonlinear suspension.

The effect of road excitation increases the maximum dynamic roll angle compared to the steady-state roll angle by
about 60% on average. The maximum of absolute acceleration ratio with nonlinear suspension is always larger and
depends heavily on the velocity in case of road excitation. For the case of nonlinear suspension system, the maximum
dynamic rollover stability index, LTRayn is always with an average of about 27% lower than that of linear suspension
in the whole velocity domain, and it is significantly dependent on velocity.

Whereas, in the hg domain, the sudden change in the form of a step function of the applied load significantly increases
the value of the maximum dynamic roll angle and rollover stability index, compared with the roll angle and the rollover
stability index in steady state, respectively. The maximum dynamic roll angle, and the maximum dynamic rollover
stability index increase by about 100%, corresponding to the 100% increase of hr in the range of observation.
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