
Received April 22, 2020, accepted May 26, 2020, date of publication June 8, 2020, date of current version June 18, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3000533

Modeling of Tire Vertical Behavior Using
a Test Bench
ENRIQUE CARABIAS ACOSTA, JUAN J. CASTILLO AGUILAR , (Member, IEEE),
JUAN A. CABRERA CARRILLO , JUAN M. VELASCO GARCÍA, (Student Member, IEEE),
JAVIER PÉREZ FERNÁNDEZ, (Graduate Student Member, IEEE), AND
MANUEL G. ALCÁZAR VARGAS , (Student Member, IEEE)
Department of Mechanical Engineering, University of Malaga, 29071 Málaga, Spain

Corresponding author: Juan J. Castillo Aguilar (juancas@uma.es)

This work was supported in part by the Ministry of Economy, Industry and Competitiveness under Grant TRA2015-67920-R, and in part
by the University of Malaga.

ABSTRACT Tire models are of great importance for precise investigations of vertical vehicle dynamics,
including vehicular safety and riding comfort. An adequate modeling of the tire is crucial to properly
reproduce vehicle vertical behavior in simulations and to evaluate the influence of the tire in the overall
performance of the suspension system. This paper introduced vehicle single-point tire models and, thereafter,
investigated the influence of the excitation frequency and inflation pressure on the damping and stiffness
coefficients of the proposed tires experimentally. In this manner, a test-bench was used to obtain the model
parameters of a light vehicle tire and a motorcycle tire. Given the obtained results, it has been observed that
both factors have a significant effect on the parameters of the proposed tire models. Moreover, a quarter
car suspension model was investigated using the modelled tires to illustrate the influence of the correct
characterization of the tire on the vertical suspension performance.

INDEX TERMS Automotive testing, hysteresis, road vehicles, single point models, tire models, vehicle
vertical dynamics, viscoelasticity.

I. INTRODUCTION
The proper modeling of the tire is essential to adequately
reproduce vehicle vertical behavior in vehicle dynamics sim-
ulations. The study of the characteristics of the tire is complex
due to its geometry, the great deformation it suffers and the
diversity of materials of which it is composed. For this rea-
son, many research groups devote great effort in developing
models that make it possible to reproduce tire forces and
moments [1]–[4]. Vehicle vertical dynamics is mainly deter-
mined by the suspension system and the tire. Good vehicle
vertical behavior is desirable because it will not only improve
the comfort of the occupants, but it will also contribute to
a better performance of the vehicle in traction and braking
processes. To this end, the use of accurate vertical tire models
is decisive.

Most research papers related to suspension systems and
vehicle vertical dynamics resort to single point contact tire
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models using lumped parameters. In the well-known Kelvin-
Voigt model [5], the tire is simply modelled using a spring
with constant stiffness or, at best, using a spring and a damper
connected in parallel, also with constant stiffness and damp-
ing coefficients. However, this model does not reproduce
the viscoelastic behavior of the tire and does not accurately
represent the physics of the contact between the tire and the
road. A model that takes into account the viscoelastic behav-
ior of the tire is the Maxwell model [5], [6]. Other authors
studied the influence of hysteresis on both the longitudinal
and vertical modeling of tires [7], [8]. There are also tire
models based on the ‘flexible ring theory’ that characterize
their frequency response [9]–[12]. Finally, some researches
focus on the characterization of the frequency behavior of the
tire through experimental tire modal parameters to calculate
the static vertical tire stiffness on both drum and flat road
surfaces and the distribution of vertical and shear forces
[13], [14]. Interestingly, due to the importance of the tire
in the improvement of driver comfort in most agricultural
wheeled tractors, which commonly lack a suspension system,
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several studies model the vertical behavior of the tire and
determine which factors influence tire stiffness and damping
coefficients [15], [16].

All these models need to obtain the characteristic stiffness
and damping coefficient through tire bench tests.

There are different methods to measure tire stiffness and
damping coefficient. According to the proposed methodol-
ogy, they can be grouped as follows [9], [16]:

• Static load-deflection. Static stiffness of a non-rotating
tire on a drum or flat road surface by increasing the static
load and measuring the static loaded radius.

• Non-rolling vertical free vibration. Dynamic stiffness of
a tire by dropping the tire from a known height and
obtaining the vertical position versus time data.

• Non-rolling equilibrium load-deflection. Dynamic stiff-
ness of a non-rotating tire on a drum or flat road surface
by applying a vibration or variable displacement and
measuring the dynamic loaded radius.

• Rolling vertical free vibration. The method is a vertical
free vibration but applied to a rolling tire.

• Rolling equilibrium load-deflection. Dynamic stiffness
of a rotating tire on a drum or flat road surface by
applying a variable displacement.

In some cases, test benches used to determine tire vertical
stiffness and damping do not only take into account the defor-
mation of the tire, but are also influenced by the deformation
of the rim and by the effects of the unsprung mass. This
situation is commonly found in test benches in which the
tire is rotating. To solve this problem, a test bench in which
only the tire is taken into account in the measurement of
stiffness and damping coefficients has been developed in this
work. Besides, this test bench makes it possible to study
other effects such as tire viscoelasticity and hysteresis. Con-
sequently, this bench allows obtaining tire parameters and
more accurate single point contact models as well as studying
the factors that influence on the value of these parameters.

In this paper, the proposed test bench has been used for the
modeling of two tires of size 205/65 R15 and 90/58 R17. The
first is a tire commonly used in light four-wheeled vehicles
while the second is designed to be used in motorcycles.
Data obtained from tests are used to fit single point con-
tact tire model parameters. Thus, tire stiffness and damping,
viscoelastic behavior and hysteresis are determined. Further-
more, the influence of the excitation frequency and inflation
pressure is evaluated. It has been found that there is a consid-
erable difference between the parameters obtained for both
the motorcycle tire and for the vehicle. These results are of
great interest, since there is not much information about the
modeling of motorcycle tires in literature. This way, this work
will contribute to improving motorcycle dynamics models
and the safety of this type of vehicles. The main contributions
of this paper are the following:

- to evaluate the influence of excitation frequency and
inflation pressure on the damping and stiffness coefficients
of single point tire models.

FIGURE 1. Tire and suspension system test bench. (a) 3D-model
(b) Photograph.

- to study the influence of modeling of the tire on the
vertical suspension performance.

This paper is organized as follows: the test bench devel-
oped to obtain the vertical behavior of tires is described
in section II. In section III, single point contact models
used to reproduce tire behavior are explained. Section IV is
devoted to describing the experimental tests carried out and
the methodology proposed to obtain tire model parameters.
Tire model parameters obtained from tests conducted with the
aforementioned tire are also included. The influence of the
models obtained in the previous section on vehicle vertical
dynamics is evaluated in section V. Finally, conclusions are
drawn in section VI.

II. TEST BENCH
To carry out this work, a test bench designed by this research
team was built. This test bench makes it possible to study
and characterize the vertical behavior of tires and vehicle
suspension systems and components (see Figure 1). Thus,
this versatile test bench can be used to model the behavior
of two- and four-wheeled vehicle suspensions. The shock
absorber and the spring response can be tested independently
or, if necessary, the whole suspension system can be tested
simultaneously. Furthermore, the tire response can also be
studied independently by fixing the tire to the structure of
the test bench and applying a displacement of controlled
frequency and amplitude. To remove the influence of rim
deformation, the deformation of the rim where the tire is
mounted is measured with a sensor and the different displace-
ments are normalized to obtain the tire deformation. This way,
only the tire response is measured and modelled.

The bench is composed of a frame, which must withstand
the forces and vibrations transmitted by the tested elements.
These efforts are transmitted to the bench through a lin-
ear guide, where a fixed and a mobile plate are connected.

106532 VOLUME 8, 2020



E. Carabias Acosta et al.: Modeling of Tire Vertical Behavior Using a Test Bench

TABLE 1. Test bench general technical characteristics.

TABLE 2. Measurement system.

Depending on the type of test, the forces on the unsprung
mass, the damping system or the tire will be transmitted and
measured. The movable plate is the component that transmits
the movement or vibration input to the system. In this work,
the tire is mounted on a rim that is fixed to the bedplate.

The excitation to the parts to be tested is generated by a
hydraulic cylinder controlled by a servo-valve. This way, a
controlled displacement or force is transmitted to the plate
where the tire is placed. The control system makes it possible
to simulate different types of inputs, such as sinusoidal, ramp,
bump and random. The characteristics of the test bench are
summarized in Table 1. The measurement system installed in
the test bench is described in Table 2.

The control of the test bench is carried out by an
algorithm programmed in a CompactRio-9066 R©real time
system. Input and output modules are connected to an FPGA.
Real time loop communicates with the FPGA to perform
data transmission and to establish the desired control action
(see Figure. 2).

III. TIRE VERTICAL MODELING
There are numerous mathematical models described in liter-
ature [5], [17], [18] to model the hysteresis and viscoelastic
behavior of materials and components. Among them, some
of the most widely used models in the case of tires are
the so-called ‘single point contact models’. In these models,
the entire part of the tire in contact with the road is reduced to
a single point contact, so that neither the length nor the con-
tact area is taken into account. These models are composed

of a combination of ideal elastic elements (springs) and
energy dissipators (dampers). Their main field of application
is related to modeling the behavior of suspension systems and
the vertical dynamics of vehicles. In this work, the vertical
behavior of the tire is modeled with three different single
point contact model approaches (see Figure 3).

The first one is a Kelvin-Voigt model in which a damper
element and two spring elements [5], [17] are included
(Figure 3a). All components are arranged in parallel. The first
spring (Ks) represents the static stiffness of the tire. The sec-
ond spring (Kd ) is used to model the change in stiffness with
the frequency of the excitation [14]. The damper (Cd ) allows
evaluating the damping of the tire and its variation with the
frequency of the excitation (ω). The basic equation for this
model is the following:

F = Cd · (ẋt − ẋr )+ Kd (ω) · (xt − xr − δ)

+Ks · (xt − xr ) (1)

where F is the total force provided by each model, (xt − xr )
is the tire displacement (xt being equal to zero in our test) and
δ is the initial displacement.

The second model is composed of a Maxwell model in
parallel with a spring element [5], [17]. This model is also
called Standard Linear Model (Figure 3b). This model is
governed by the following equations:

F = Ks · (xt − xr )+ fv (2)

ḟv +
Kd
Cd
· fv = (ẋt − ẋr ) (3)

where fv represents the viscoelastic force.
Finally, the thirdmodel is the simple Boucmodel [18]. This

model is similar to the Kelvin-Voigt model, but incorporates
a fourth element that reproduces the hysteresis of the material
(Figure 3c). The equations that describe this model are:

F = Cd · (ẋt − ẋr )+ Kd (ω) · (xt − xr − δ)

+Ks · (xt − xr )+ α · z (4)

ż = A · (ẋt − ẋr )+ µ · (ẋt − ẋr ) · |z|n

−γ · |ẋt − ẋr | · |z|n−1 (5)

where z is an auxiliary term that models the hysteresis by
means of parameters A, µ and γ and α is a scaling factor.

Once the equations that determine the force in the tire for
the three proposed models have been obtained, data obtained
in the bench can be used to obtain the fundamental parameters
of each model, such as the static stiffness (Ks), dynamic
stiffness (Kd ) and dynamic damping (Cd ) coefficients.

The main reason why these parameters and models were
chosen to represent the vertical behavior of the tire was
derived from the observation of Figure 4a. In the first place,
this figure shows the static stiffness of the tire that was mea-
sured by conducting tests at very low speed and measuring
the vertical force. The tests included the datameasured during
the loading and unloading processes. Next, the vertical forces
that were measured in dynamic tests at different excitation
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FIGURE 2. Scheme of the test bench control system.

FIGURE 3. Single point contact tire vertical models. (a) Kelvin-Voigt
(b) Maxwell (c) Bouc.

FIGURE 4. Tire forces measured at 1, 10 and 20 Hz vs displacement.
(a) Static and dynamic stiffness (b) Preload 3500 N (c) Preload
1500 N.

frequencies (1, 10 and 20 Hz) are also included in the fig-
ures. Two series of tests were conducted with 3500 N and
1500 N of preload in the tire (Figures 4b and 4c respectively).
A local increase of the stiffness in both series of tests can
be observed, i.e., the static stiffness curve has a lower slope
compared to the dynamic stiffness. Furthermore, the higher
the excitation frequency, the higher the increase in the slope of
the dynamic stiffness. For this reason, the static and dynamic
stiffness has been modelled separately in each of the previous
models. Dynamic damping has also been modelled to obtain
the energy dissipation behavior of the tire as a function of the
excitation frequency.

IV. TESTS
The goal of these tests was to evaluate the influence of the
frequency of the excitation and the inflation pressure on
the parameters of tire single point contact models. A light
vehicle and a motorcycle tires were used in this series of
tests. First, the static stiffness was measured in a quasi-static
test. Next, sinusoidal movements of frequency between 1 and
20 Hz were reproduced. Amplitudes of 3 and 2 mmwere pro-
grammed for the light vehicle and the motorcycle tire respec-
tively. As described before, control was performed with a
real time system. The control system loop frequency and data
acquisition sampling rate were fixed at 1000 Hz. Actual bed-
plate displacement and rim deformation were measured using
a high accuracy linear variable differential transducer and a
laser displacement sensor respectively. Forces weremeasured
using a load cell located in the fixed plate. An optimization
algorithm provided the parameters that best fit the tire model
output to the experimental data. Finally, results were analyzed
and interpreted.

As mentioned before, static rigidity (Ks) was obtained
through an experimental test in which the tire was deformed
progressively from zero to maximum deflection (Figure 4).
The vertical force was measured during this process. These
data allowed obtaining the change of rigidity vs displacement
of the tires.

Next, tests were carried out in which a sinusoidal move-
ment was generated in the bedplate. Tests were conducted
at different frequencies, amplitudes and preloads. This
way, the change of parameters with the frequency was
determined.

An algorithm based on Particle Swam optimization was
used to perform parameter identification [19]. Data measured
in the test bench were fitted to each model. The algorithm
yielded the parameters that best modelled the experimental
data. To do so, a goal function was defined. In this case,
the average of the quadratic error between the measured force
and the force providedwith themodel was selected as the goal
function to be minimized. The following parameters were
used in the optimization algorithm: number of particles per
group = 30, number of groups = 2, number of iterations =
200, acceleration factors = 0.49445 and initial and final
weights equal to 0.9 and 0.4 respectively. This way, two
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FIGURE 5. Test data fitting using the Kelvin-Voigt model. (a) Frequency
10 Hz, preload 1500 N (b) Frequency 20 Hz, preload 1500 N (c) Frequency
10 Hz, preload 2500 N (d) Frequency 20 Hz, preload 2500 N.

(Kd , Cd ) or six (Kd , Cd , α, A, µ, γ ) additional parameters
were obtained to model the vertical behavior of the tire.

A. TESTS WITH A TIRE OF SIZE 205/65 R15
First, tests were conducted using a 205/65 R15 tire. This tire
size is commonly used in light passenger cars. An amplitude
of 3 mm was set in these tests. Test frequencies were 1, 5,
10, 15 and 20 Hz. Finally, three preload conditions were
simulated, 1500, 2500 and 2500 N. In these tests, inflation
pressure (Pn) was set at 1.8 bar.

1) KELVIN-VOIGT MODEL
The following plots show the results obtained at two frequen-
cies, 10 and 20 Hz, with two preloads, 1500 and 2500 N
(Figure 5) using the Kelvin-Voigt model. Model parameters
were obtained by means of the aforementioned optimization
algorithm. Two plots are generated with each test. The first
one includes the force measured (Forcem), the force provided
by the fitted model (Forcef) and the displacement (Disp)
plotted vs time. In addition, the second plot includes the
measured and the fitted forces plotted vs the displacement.

It can be seen that the force provided by the model fits the
measured force measured properly. Furthermore, the model
reproduces the measured data adequately for all frequencies
and preload conditions in the tire. Similar performance was
observed for all tests. Finally, results using the Kelvin-Voigt
model equation (eq. 1) for all tests are shown in Table 3.

Table 3 includes the test conditions, i.e. preload and excita-
tion frequency, static rigidity and themodel optimized param-
eters. Minimum error obtained after the optimization process
is also included. For the sake of clarity, Figure 6 shows the
evolution of the dynamic stiffness and damping coefficients
as a function of the excitation frequency.

In this case, dynamic stiffness increased with the frequency
of excitation whatever preload condition was imposed. On the
other hand, dynamic damping decreased with frequency,

TABLE 3. Summary of results using the Kelvin-Voigt model. Tire size:
205/65 R15. Inflation pressure = 1.8 bar.

FIGURE 6. Stiffness and damping coefficients of the Kelvin-Voigt model
vs excitation frequency. Tire 205/65 R15 (1.8 bar).

FIGURE 7. Test data fitting using the Maxwell model. (a) Frequency 10 Hz,
preload 1500 N (b) Frequency 20 Hz, preload 1500 N (c) Frequency 10 Hz,
preload 2500 N (d) Frequency 20 Hz, preload 2500 N.

being relatively high at low frequencies. However, low damp-
ing coefficients were observed for frequencies above 5 Hz.

2) MAXWELL MODEL
Similarly, the following plots show the results obtained at
two frequencies, 10 and 20 Hz, with two preloads, 1500 and
2500 N using the Maxwell model (Figure 7). Plots show the
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FIGURE 8. Stiffness and damping coefficients of the Maxwell model vs
excitation frequency. Tire 205/65 R15 (1.8 bar).

TABLE 4. Summary of results using the Maxwell model. Tire size:
205/65 R15. Inflation pressure = 1.8 bar.

data reproduced by the model according to equations (2) and
(3) with the obtained optimized parameters.

As for the previous model, the fitting of test data with the
model is suitable both for the case of frequency variation and
when the preload is changed. Optimized parameters using the
Maxwell model for all tests are shown in Table 4.

In the case of the Maxwell’s model, it can be seen
in Figure 8 and Table 4 that the dynamic stiffness values
are of the same order of magnitude as those obtained in the
previousmodel. On the contrary, the dynamic damping values
are much smaller. It can also be observed that both stiffnesses
and dynamic damping coefficients increase with the vibration
frequency.

3) BOUC MODEL
This more complex model, which is commonly used for
reproducing hysteresis, was also used. According to equa-
tions (4) and (5), the Bouc model requires the estimation of
four additional parameters (α, A, γ and µ). Parameter n was
set at 1. As a consequence, the computational time to obtain
the estimation of the model parameters was considerably
longer.

The following plots show the results obtained at two fre-
quencies, 10 and 20Hzwith 2500N of preload using the Bouc
Model (Figure 9).

Optimized parameters using the Bouc model for all tests
are shown in Table 5. Interestingly enough, errors are lower

FIGURE 9. Test data fitting using the Bouc model. (a) Frequency 10 Hz
(b) Frequency 20 Hz. Preload 2500 N.

FIGURE 10. Stiffness and damping coefficients of the Bouc model vs
excitation frequency. Tire 205/65 R15 (1.8 bar).

FIGURE 11. Comparison of three single point models. Tire 205/65 R15.
(a) Kelvin-Voigt (b) Maxwell (c) Bouc.

compared to the other models. However, the improvement is
small. Due to the higher computational cost that this model
requires in the optimization process and during its use in sim-
ulations, this model is only recommended when the accuracy
required in the simulations is very high.

Figure 10 shows the value of main parameters Kd and Cd
provided by the model according to equations (4) and (5).
Dynamic stiffness gradually increases with respect to
frequency, except for the frequency of 15 Hz. Damping coef-
ficients have similar behavior to the one obtained for the
Kelvin-Voigt model.

4) MODELS COMPARATIVE
Once the results for the three single point models have been
shown, a comparison of the three models used is shown
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TABLE 5. Summary of results using the Bouc model. Tire size: 205/65 R15. Inflation pressure = 1.8 bar.

FIGURE 12. Comparison at different inflation pressures, 1.8 and 2.1 bar
vs excitation frequency. (a) Kelvin-Voigt (b) Maxwell.

TABLE 6. Summary of results using the Kelvin-Voigt model. Tire size:
205/65 R15. Inflation pressures 1.8 and 2.1 bar.

in Figure 11. This figure has been obtained from tests con-
ducted with a preload of 2500 N, an excitation frequency
of 20 Hz, an excitation amplitude of 3 mm and an inflation
pressure of 1.8 bar. It can be seen that the three models pro-
vided similar results, obtaining error values of the same order
in all cases. For comparison purposes, plots include the static
stiffness (Ks) measured in the static test. It can be observed
that higher dynamic stiffness was obtained compared to
the static stiffness. Similar performance was observed in
all tests.

5) TIRE INFLATION PRESSURE INFLUENCE
It is well known that static tire stiffness increases with tire
inflation pressure. Consequently, for comparative purposes,
a second series of tests was carried out with a tire inflation
pressure of 2.1 bar and a preload of 3500 N to evaluate its
influence on the model parameters. Results are summarized
in Table 6. Next, Figure 12 includes the results of this com-
parison for the Kelvin-Voigt and Maxwell models.

As it can be seen in Figure 12(a) and Table 5, dynamic
stiffness decreases when the inflation pressure increases.
However, dynamic damping coefficients remain almost inde-
pendent of the inflation pressure for the Kevin-Voigt model.
In contrast, in the Maxwell model, both the dynamic stiffness
and damping coefficients are lower when the pressure is
increased (see Figure 12b). As expected, Table 6 also shows

FIGURE 13. Test data fitting using the Kelvin-Voigt model. (a) Frequency
1 Hz, preload 500 N (b) Frequency 15 Hz, preload 500 N (c) Frequency
1 Hz, preload 1500 N (d) Frequency 15 Hz, preload 1500 N.

that static stiffness is higher when the inflation pressure is
increased.

B. TESTS WITH A TIRE OF SIZE 90/58 R17
A series of tests was conducted using a 90/58 R17 compe-
tition tire. This tire size is commonly used in two-wheeled
vehicle races. An amplitude of 2 mm was set in these tests.
Test frequencies were 1, 5, 10, 15 and 20Hz. Three preload
conditions of 500, 1000 and 1500 N were simulated. Finally,
tire inflation pressure was set at 1.9 bar.

1) KELVIN-VOIGT MODEL
The following plots show the results obtained using the
Kelvin-Voigt model at two frequencies, 1 and 15 Hz, and
preloads of 500 and 1500 N (Figure 13). Plots show the data
reproduced by the model according to equations (2) and (3)
with the obtained optimized parameters. As in the case of
the light passenger car tire, it can be seen that the model
reproduced the measured data adequately for all frequencies
and preload conditions in all the cases.

Estimated parameters using the Kelvin-Voigt model for all
tests carried out with the 90/58 R17 tire are shown in Table 7.

It can be seen in Figure 14 that stiffness and the esti-
mated dynamic damping coefficient have the same behavior
as found with the light passenger car tire. That is, stiffness
coefficient increases with frequency and damping coefficient
decreases towards a low constant value.
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TABLE 7. Summary of results using the Kelvin-Voigt model. Tire size:
90/58 R17. Inflation pressure = 1.9 bar.

FIGURE 14. Stiffness and damping coefficients of the Kelvin-Voigt model
vs excitation frequency. Tire 90/58 R17 (1.9 bar).

FIGURE 15. Test data fitting using the Maxwell model. (a) Frequency 1 Hz,
preload 500 N (b) Frequency 15 Hz, preload 500 N (c) Frequency 1 Hz,
preload 1500 N (d) Frequency 15 Hz, preload 1500 N.

2) MAXWELL MODEL
Figure 15 shows the results obtained using the Maxwell
model at two frequencies, 1 and 15 Hz and preloads
of 500 and 1500 N. The plots show the data reproduced by
themodel according to equations (2) and (3) with the obtained
optimized parameters.

FIGURE 16. Stiffness and damping coefficients of the Maxwell model vs
excitation frequency. Tire 90/58 R17 (1.9 bar).

TABLE 8. Summary of results using the Maxwell model. Tire size:
90/58 R17. Inflation pressure = 1.9 bar.

Table 8 and Figure 16 show the results obtained for the
motorcycle tire using theMaxwellmodel. As before, dynamic
stiffness and damping coefficients increase with the excita-
tion frequency increases as well as with the preload.

V. INFLUENCE OF THE TIRE MODEL IN THE VEHICLE
VERTICAL DYNAMICS
The influence of the models obtained in the previous section
on the behavior of the vehicle suspension system is evaluated
next. Most research papers about vehicle vertical dynamics
and control algorithms for active and semi-active suspension
systems do not take into account the influence of tire damp-
ing [20]–[23], or, at best, it is assumed to have a very low
constant value [24]–[26]. As shown before, tire damping and
tire stiffness depend on the frequency of the excitation. As a
consequence, inappropriatemodeling of the tire in suspension
system models can lead to deterioration in the expected sus-
pension performance [14], [27]. Furthermore, tire stiffness is
also modelled with a constant parameter. However, it has also
been shown that tire stiffness changes with tire deformation
and tire pressure.

The vehicle vertical model shown in Figure 17 was used to
evaluate the influence of tire modeling on the performance
of the suspension system. Ka and Ca represent suspension
stiffness and damping coefficients respectively.
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FIGURE 17. Vertical model of a quarter vehicle.

For comparison purposes, the transfer functions of the
movement of the sprung mass (HSM ), unsprung mass (HUM ),
sprungmass vertical acceleration (HA), rattle space (HRS ) and
tire deflection (HTD) are used. These transfer functions are
defined next:

HSM =
xs
xr
=

B1 · B4
Ms · s2 · B1 + B2 · B3

(6)

HUM =
xt
xr
=

B2 · B4
Ms · s2 · B1 + B2 · B3

(7)

HA =
ẍs
ẋr
=

B1 · B4·s2

Ms · s2 · B1 + B2 · B3
(8)

HRS =
xs − xt
ẋr

=
B1 · B4 − B2 · B4

Ms · s2 · B1 + B2 · B3
(9)

HTD =
xt − xr
ẋr

=
B2 · B4 −Ms · s2 · B1 − B2 · B3

Ms · s2 · B1 + B2 · B3
(10)

where B1 = Ca · s + Ka, B2 + Ms · s2 + Ca · s + Ka,
B3 = Mu · s2 +Cd · s+Ks +Kd and B4 = Cd · s+Ks +Kd .
Three simulations were performed using the Kelvin-Voigt
tire model. The following default parameters were used:
Ms = 250 kg, Mu = 35 kg, Ka = 16000 N/m, Ca =
1600 N·s/m and Cd = 170 N·s/m. In the first simulation,
tire stiffness was set at Ks = 160875 N/m. This value was
obtained from the static test of the car tire with 2500 N of
vertical load and a tire pressure of 1.9 bar (see Figure 18,
dashed line). In the second simulation, the same parameters
were used but tire stiffness was now modelled fitting the
data of the previous test to a second order polynomial curve
(Figure 18, dash-dottted line). Again, no change in tire stiff-
ness and damping coefficients with the frequency of the
excitation were modelled. Finally, in the third simulation, tire
damping and stiffness were modelled using the tire model
parameters obtained in the test with the car tire with a
2500 N vertical load. In this simulation, both tire damping
and stiffness changed with the frequency of the excitation.
The following figures show the result of these simulations.

FIGURE 18. Static stiffness. Linear and polynomial fits.

FIGURE 19. Unsprung (a) and sprung (b) masses transfer functions.

FIGURE 20. Sprung mass acceleration (a), rattle space (b) and tire
deflection (c) transfer functions.

As it can be seen in Figure 19a, unsprung mass movement
reduces slightly when tire stiffness is not constant (poly-
nomial stiffness) due to the lower tire stiffness in the low
range of tire deflections. On the other hand, variable tire
stiffness and damping with frequency has a big influence on
unsprung mass movement at high frequencies. In addition,
the unsprung mass resonant frequency increases due to the
increase of tire stiffness with frequency. As a consequence,
higher unsprung mass movements are observed at frequen-
cies above the resonant frequency. Sprung mass movement
remains almost unaffected with the changes in the parameters
(see Figure 19b).

VOLUME 8, 2020 106539



E. Carabias Acosta et al.: Modeling of Tire Vertical Behavior Using a Test Bench

Vertical acceleration and rattle space transfer functions
remain almost unmodified no matter if constant or variable
static stiffness is used (Figure 20a and 20b). The polynomial
stiffness assumption yields lower transfer ratios for frequen-
cies close to and above the unsprungmass resonant frequency
while variable damping and stiffness leads to the oppo-
site effect. However, the tire deflection transfer function is
remarkably affected by the changes in the parameters. In the
first case, it shows higher magnitude levels for frequencies up
to the unsprungmass resonant frequency (Figure 20c). On the
other hand, the variable damping and stiffness assumption
yields lower tire deflections, which is related to lower changes
in the tire vertical force and, as a consequence, with better
vehiclemaneuverability and safety. This way, in this example,
the vertical force remains more constant with frequency than
expected.

As a summary, it has been demonstrated that the proper
modeling of tire stiffness and damping is required to evaluate
the performance of vehicle suspension systems and to design
vehicle control algorithms. Otherwise, results obtained from
simulations can differ significantly from reality.

VI. CONCLUSION
In this paper, the hysteretic and viscoelastic behavior of tires
has been evaluated. Three well-known models have been
used to reproduce this behavior. To perform this task, model
parameters have been obtained from data gathered using a tire
test bench using an optimization fitting algorithm. It has been
observed that the Kelvin-Voigt and Maxwell lumped models
can properly model tire response. The Bouc model yields a
slightly better fitting but it requires a higher optimization time
and computational cost. The change of model parameters
with the frequency of the excitation has been evaluated. It has
been demonstrated that tire stiffness and damping coefficients
are highly dependent on the frequency of the excitation. Tire
stiffness increases with the frequency of the excitation while
tire damping is high for low frequencies but it reduces sharply
with the increase of frequency. The influence of tire pressure
on model parameters has also been studied. It has been shown
that as the pressure increases, so does tire stiffness. In this
case, little change in tire damping is observed.

Finally, a quarter-car model has been used to evaluate the
influence of the previous results on vehicle vertical dynamics.
It has been shown that the change of damping and stiffness
coefficients with frequency modifies vehicle vertical dynam-
ics. This way, car vertical models should take into account
this effect to properly reproduce vehicle movements.

Further works will include a wider range of tires and
will focus on new factors, such as excitation amplitude, tire
temperature and tire age, related to the determination of tire
parameters.
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