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Abstract. Nowadays, studies regarding vehicle dynamics study are growing. Concepts of vehicles and autonomous robots
amaze enthusiasts of the subject and generate trends for the future. In this contexts, the knowledge about the behavior
and reaction forces in the tire have great importance. Small tirves are applied in energy efficient vehicles, bicycle, robots
and machines. This project studies the dynamic behavior and parameterization of small tires. For this, experimental tests
were carried out at the Integrated Systems Laboratory (LabSIn) of the Faculty of Mechanical Engineering of UNICAMP,
which has a parameterization bench for small tires. The acquisition of road and tire contact loads and the post-process
of the experimental data were carried out. The results of the project are consistent with the literature, and it is possible to
notice that the Pacejka model works for light weight vehicle tires regarding the combined slip.
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1. INTRODUCTION

The tire is a component of great importance in vehicle dynamics. It is responsible for the contact between the vehicle
and the road, and its characteristics have a great influence on the vehicle performance. According to Ahangarnejad (2018),
the vehicle behavior and the performance are strongly related to dynamics of tires. To have a good dynamic analysis and
design of the chassis control system, it is necessary an accurate tire dynamic model.

Tire modeling have increased with advance of autonomous vehicle and robots. For this, it is necessary to know
the dynamic tire behavior to optimize control efforts. The design of robots through computer-aided engineering was
considered one of the strategic topics in the research agenda of the Public Private Partnership in Robotics in Europe, known
as SPARC, for the period from 2014 to 2020; tire modeling is fundamental for this and can vary with the characteristics
of the tire structure and the ground (Dabek and Trojnacki, 2016).

The modeling of tire-ground systems have been well established focusing on the automotive industry, which over the
years have resulted in the development of several models of tires. However, it has been perceived that mobile robots with
wheels, especially light robots, differ significantly from automotive vehicles in terms of applications, maneuvers, terrain
types, vehicle design and tire parameters. There is proportionately little work so far in the field of tire-road interaction
modeling for lightweight wheel robots (Dabek and Trojnacki, 2016).

In a previous research, Silva et al. (2016) and Silva et al. (2017) developed a test bench for the characterization of small
tires, registered by patent number PI1004332-2A2 in INPI. Their work obtained good results regarding parameterization
of lateral force. Santiciolli (2018) improved the test bench by automating the longitudinal slip, implementing an automated
vertical load imposition system and updating the Pacejka model used for the version of 2002; there were good results in
lateral and longitudinal forces. Both works showed that Pacejka model behaves well for light weight vehicle regarding
the pure slip.

In despite of the achievements of Silva et al. (2016), Silva et al. (2017) and Santiciolli (2018) regarding the parameteri-
zation of the Pacejka model applied to small tires at pure slip, studies about the combined slip were vacant. This paper fills
this gap by running a small tire sample at the aforementioned test bench at combined slip conditions and parameterizing
the respective Pacejka model. This objective is described in details in Section 2. In Section 3 contains a review about the
Pacejka model and the conditions of pure and combined slip. The parameterization of the model facing experimental data
is executed by means of a genetic algorithm exposed in Section 4. In Section 5 the reader can find the methodology used
to prospect the experimental data and derive the Pacejka model parameterization from them using the genetic algorithm.
Finally, the results are exposed and discussed in Section 6 and conclusions are drawn in Section 7.
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2. OBJECTIVES

The objective of this study is to parameterize the Pacejka model for a small tire specimen at combined slip situation.
To achieve this goal, the specific objectives are:

- Prospect experimental data by testing the small tire specimen in the test bench;

- Obtain the parameterization of this tire specimen regarding pure slip, because it is required for the combined slip
parameterization;

- From the whole experimental data, the pure slip parameterization and the generic algorithm, derive the final combined
slip parameterization.

3. PACEJKA MODEL

Hans Bastiaan Pacejka proposed the main empirical model of tire known as Magic Formula (MF). This model is
based on a sin(arctan) function that not only provides an excellent fit for the curves regarding the Lateral Force (F},), the
Longitudinal Force (F) and the Self-aligning Moment (M), but also has coefficients that have relationships with shape
and magnitude factors of the curves. The general formula is represented in Eq. (1), Eq. (2) and Eq. (3) (Pacejka, 2012).

y = Dsin[Carctan(Bx — E(Bz — arctan(Bxz)))] (1
Y(X) = y() + Sv @
r=X+ Sy )

Where Y can be alternatively F), or M, with X being the slip angle («). One can also take Y as F, with X being the
longitudinal slip (x). The coefficients of the Magic Formula are well defined and responsible for the adjustment of the
characteristic curve sin(arctan) at the points obtained experimentally. B is the stiffness factor, C is the shape factor, D is
the peak value, E is the curvature factor, Sy is the horizontal shift and Sy is the vertical shift. All these coefficients are
composed of parameters that change according to the tire shape and structure (Pacejka, 2012).

Pacejka divides the movement of the tire into two conditions. The first one is the pure slip, which is the movement
of the wheel when the slip angle is zero and there is only longitudinal slip or when the longitudinal slip is zero and there
is only slip angle; these are the situations in which Eq. (1), Eq. (2) and Eq. (3) are valid. The second condition is the
combined slip, which happens when there is variation of the slip angle along with the longitudinal slip.

The parameters which compose the coefficients of the Magic Formula are classified into four categories. For longitu-
dinal and lateral force it is used p and r where p is used in pure slip and r is used in combined slip.

Table 1. Tire parameters.

LONGITUDINAL FORCE

PCz1 | PDxl | PDx2 | PDxz3 | PExzl | PExz2 | PEx3 | PEx4 | PKxzl | PKx2 | PKx3 | PHxzl | PH2z2 | Pvzl | PVa2

PPzl | PPz2 | PP23 | PPx4 | TBxl | TBx2 | TBa3 | TCxl TEx1 TEx2 THz1

LATERAL FORCE

Pcy1l | PDyl | PDy2 | PDy3 | PEyl | PEy2 | PEy3 | PEya | PEy5 | PKyl | PKy2 | PKy3 | PKy4 | PKy5 | PKy6

Pry7 | PHyl | PHy2 | Pvyl | Pvy2 | Pvy3 | Pvyd | PPyl | PPy2 | PPy3 | PPya | PPy5 | "Byl | T"By2 | TBy3

T By4 TCyl TEy1 TEy2 | THyl | THy2 | Tvyl | TVy2 Tvy3 TVy4 TVy5 TvVy6

The combined slip represents the interaction between lateral and longitudinal forces. It is possible to identify this
interaction when the vehicle realizes a curve in traction or braking. Pacejka proposed the first model of combined slip in
1987 and improved until the current model finished in 2012 (Pacejka, 2012).

For this condition, Pacejka proposes a weighting function G which indicates the influence of « in the longitudinal
force and « in the lateral force. Then the forces of combined slip can be represented using the equations of pure slip (Yp).

G = Dcos[Carctan(Bx)] 4)
Y = YoG(a, k, F) &)
The function G has the parameters exclusive of the combined slip. The Eq. (4) shows a general form of the weighting

function and it is adapted for longitudinal force and lateral force where x becomes « and & respectively. It is possible to
put together the curves obtained for a given slip angle and vary the longitudinal slip.
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Figure 1. Longitudinal and lateral forces as a function of the variation of x and « (Pacejka, 2012).
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Figure 2. Longitudinal vs lateral forces (Pacejka, 2012).

The Fig. 1 shows that when the slip angle increase, the longitudinal force decreases and the lateral force increases.
However when the slip angle is big, the peak lateral force decreases. That happens because in higher angles the tire just
slips in the ground and this make the force decrease.

The Fig. 2 represents the lateral force in function of longitudinal force varying the longitudinal slip conditions. When
F, is positive, the vehicle is driving; when it is negative, the vehicle is braking. As the slip angle increases up to a certain
value, the curve becomes smoother and the maximum £, is equal to the maximum Fy,.

In the following section, it is explained the use of genetic algorithms to parameterize the Pacejka model from experi-
mental data.

4. GENETIC ALGORITHM

Genetic algorithm is an optimization algorithm based on Darwinian principle of natural selection and genetic opera-
tions such as reproduction (crossing over) and mutation. There are four differences between this method and traditional
search and optimization methods (Goldberg, 1989):

- Genetic algorithms work with a coding of the parameter set and not with the parameters themselves;

- Search from a population of points, not a single point;

- Use evaluation of goal function, not derivatives or other auxiliary knowledge;

- Use probabilistic transition rules, not deterministic rules.

Cabrera et al. (2004) proposes to use a genetic algorithm to find the parameters of the tire, which was named IOA
(IMMa Optimization Algorithm). The main benefits of this algorithm are the efficiency with simplicity of implementation
and low computational cost. In addition, a previous knowledge about the initial population is not necessary and it can be
chosen randomly by the algorithm, a fact that is useful when dealing with MF parameterization.

The objective of this optimization algorithm is to find the parameters that minimize the sum of the square of the
difference between the experimental data and Pacejka model, which in combined slip depends of slip angle, longitudinal
slip and the vertical force. These goal functions for longitudinal and lateral forces are represented in Eq. (6).

n

m p
min» Y Y [FPelb (XY, ap, ki, Fly) = Fe Yoy, ki, F))? (6)

i=1 j=1f=1

For this, as shown in the Fig. 3, a random generation of starting population with NP individuals is created, where
the individuals are the tire parameters. Then, two random individuals and the best individual are selected to form the
disturbing vector (V). The disturbing vector is also a function of F’, which is a real value that controls the disturbance.
This vector is crossed, with a probability defined as C' P, with the current population and generates the next population
(XM).
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Figure 3. Scheme of genetic algorithm (Cabrera et al., 2004)

The mutation happens simultaneously with the reproduction with a probability defined as M P. In this operation, a
aleatory value within a range is added or subtracted from a random individual . If the new population member is better
than the current, it is replaced. This algorithmic routine is repeated until the number of iterations reaches the number
maximum or the fitness of the best population is lower than the minimum error.

To increase the speed of convergence and achieve a higher percentage of success in the optimization, the four control
parameters F', C'P, M P and range can be included in the optimization. Thus, the best values of these parameters are
found throughout the iterations, without the requirement of the input values (Ortiz et al., 2009).

The next section exposes how the materials are used and how the data acquired is treated according to the aforemen-
tioned theory.

5. MATERIALS AND METHODS

In Fig. 4 it is possible to see the arrangement of the current bench basically composed of the table of Honeycomb,
three load cells (indicated with 1), two of them transverse and one longitudinal, two electric motors (indicated with 2),
where one is a step motor responsible for the translation of the wheel and another is a DC motor responsible for wheel
rotation. With the combination of the two motors it is possible to impose the longitudinal sliding. It also contains a
vertical pneumatic actuator (indicated with 3) controlled by a proportional pneumatic valve through which it is possible
to impose vertical force on the wheel. The bench has some sensors like extensometers and encoders.

The tire specimen selected for this research is a 4PR Imsa tire (shown in Fig. 5). It is normally used for human-traction
pallets and it is also suitable for robots.

The experimental tests were conducted to obtain the forces at the tire in different conditions. For this, the 4PR Imsa
tire sample was subjected to several tests varying the slip angle, the longitudinal slip and the vertical load. For each test,
the longitudinal and lateral forces were acquired. In order to obtain a good parameterization, it was chosen nine different
slip angles (—20° to 20°, varying 5°), three different vertical load (60N, 110N and 160N) and eleven different longitudinal
slips (from —50% to 100%). Considering this set of experiments, both pure and combined slip conditions are observed.

To carry out the tests, the slip angle was regulated through a ball joint and verified by a scanner, the pressure of the
tire was set at 30 psi and the vertical load was imposed by a vertical pneumatic actuator. Then the wheel is moved along
the bench where the longitudinal slip is imposed and the forces are measured.

Finally, the equations of Pacejka are fitted to the experimental points, obtaining the parameters of the tire for both pure
and combined slip conditions. For this, it was used the genetic algorithm IOA previously explained.
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Figure 5. 4PR Imsa Tire, tire size 152,4 x 50,8 mm (diameter x width).

6. RESULTS AND DISCUSSION

The parameters for pure slip were found after 10000 iterations for each force and they are represent in the Tab. 2,
where some of them that were not used because they multiply the camber angle, which in this research is always zero.
The best equivalent fitness was 155 N2 and 863 N2 for longitudinal and lateral forces, respectively. This is a good result
in view of the fact that the fitness function is the sum of the square of the error between the experimental data and the IOA
curve and there are several points measured.

Table 2. Optimization results of the parameters for pure slip, tire size 152,4 x 50,8 mm (diameter x width).

LONGITUDINAL FORCE
PCz1 PDzx1 PDx2 PDx3 PEz1 PEz2 PEz3 PEz4 PKz1 PKx2
0,070 —5,941 —1,027 * 0,011 —0,063 0,023 —12,513 0,050 0,085
PKa3 PHz1 DPHx2 Pval Pva2 PPzl DPpPax2 PpPx3 DPpz4
—0,634 0,883 —0, 806 —0,032 | —0,013 1,654 0,162 —0,090 —0,231
LATERAL FORCE
Pcoy1 PDy1 PDy2 PDy3 PEy1 PEy2 PEy3 PEy4 PEy5 PKy1
0,068 1,189 0,121 * —0,019 | —0,204 | —3,483 * * 19, 462
PKy2 PKy3 PKy4 PKy5 PKy6 PKy7 PHy1 DPHy2 Pvyl Pvy2
—68, 684 * —219,057 * —0,098 0,859 —0,014 —0,002 0,023 —0,095
Pvys Pvya PPyl DPPy2 PpPy3 PPy4 PPys5
* * 0,368 —1,588 | 13,491 | —3,076 | —1,781

* not exploited because v = 0 [rad]

The curves of longitudinal and lateral forces for different vertical loads, formed by the parameters found with the IOA

algorithm and the experimental points were represent in the Fig. 6
Using the Eq. (4) and Eq. (5) the tire parameters for combined slip were found after 10000 iterations for longitudinal
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Figure 6. Longitudinal and lateral forces for pure slip
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and lateral forces. The values of parameters for combined slip do not have a clear meaning because they are very coupled
in the weighting function G. The Tab. 3 shows the parameters for combined slip found in the parameterization.

Table 3. Optimization results of the parameters for combined slip, tire size 152,4 x 50,8 mm (diameter x width).

LONGITUDINAL FORCE

"Bzl T"Bx2 T"Bzx3 TCxl TExl T"Ex2 THz1

61,6407 | —3,7956 * 0,8669 | —0,1240 | —1,0637 | —0,0157
LATERAL FORCE

"Byl " By2 "By3 " By4 TCyl TEy1 TEy2 T"Hyl
3,1056F4 | —3,1780E6 | 0,0050 * —0,9844 0,1370 —0,0164 | 1,0579

THy2 Tvyl TV y2 Tvy3 TVy4 Tvys TV y6
~0,9666 | 984,5821 | 30,4729 % 1,6779E7 | 49,8457 | 55,0112

* not exploited because v = 0 [rad]

After the 10000 iterations, the best equivalent fitness for longitudinal force was 1,7022E4 N2 and the best for lateral
force was 9,9421E3 N2, These fitness are higher than pure slip because in this case the number of points is higher.

With these parameters it was possible post-processing with the MF and form surfaces for different vertical loads. The
surface evidences the influence of longitudinal slip and slip angle. The discreteness of the mesh was made from —110%
to 110% (varying 4%) and —20° to 20° (varying 5°), respectively. The experimental points are represented with a cross
and each color is one test carried out.
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Figure 7. Longitudinal and lateral surfaces for F, = 60.V.

Comparing the Fig. 7, Fig. 8 and Fig. 9 it is possible to notice that they have a similar form. This occurs because
the only difference between them is the vertical load. When the vertical load is bigger, the modules of longitudinal and
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lateral force increase. Furthermore, the surface of longitudinal force shows that when the slip angle is close to 0° the
longitudinal curve is more pronounced and when the slip angle is away from 0° the curve is smoother. This behaviour
is easily observed by looking at the lines parallel to the slip angle, where for the same longitudinal slip the longitudinal
force gets more intensive close to 0°.
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Figure 8. Longitudinal and lateral surfaces for F, = 110N.

For the lateral force, the response was very satisfactory with higher lateral force for the higher slip angles. Other
interesting observation is the inversion of the curves when the slip angle comes from positive to negative values (and vice
versa). In addition, it is possible to note that the lateral force is almost zero when the slip angle is 0° because the geometry
favors longitudinal force.
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Figure 9. Longitudinal and lateral surfaces for F, = 160./V.

For all the three vertical forces the IOA surfaces has a great adjustment with the experimental data. Especially for
values of « between —50% and 50% for longitudinal force. This is not a problem because for almost all applications, the
longitudinal slip is in this range. Besides, the amplitude for positive and negative conditions of slip angle and longitudinal
slip are coherent, having the same module and neutralizing the outlier points.

Other interesting result to identify the interaction between longitudinal and lateral force is shown in the Fig. 10. It is
possible to notice that the curves are similar varying the vertical load and they are very smooth. This explains why the
longitudinal force does not present a peak as the longitudinal slip increases (alternatively to what happens in automotive
graphics), but it tends to settle to a constant.

Then, when the vehicle starts a curve, the longitudinal slip is approximately zero, and there is only lateral force. As
the vehicle accelerates or brakes, the longitudinal slip increases or decreases, respectively, in order to keep the lateral
force constant and the slip angle increases. There is a extreme point, when the F; is maximum for constant F,, that the
tire loses the grip. Then if the vehicle releases the brake or the accelerator the grip returns, the longitudinal slip decreases
(along the curve with constant «v) and the longitudinal force returns to zero but now with a higher slip angle, which implies
in a higher lateral force.



D. A. Mendonga, F. M. Santiciolli, L. C. A. Silva, J. J. Eckert and F. G. Dedini
Parameterization Of Tire Model For Light Weight Vehicle Regarding The Combined Slip

a) s——————————————— b) - - c) 0

[M]
|

|
[N]

¥
¥

FIN

F
|
|
|

|

F

® % -0 80 50 40 4

-20 0 P} 0 Q 20 o0 -100 -50 0
F, NI N

Figure 10. Lateral force vs longitudinal force for a) F, = 60N, b) F, = 110N and c¢) F, = 160N.

F NI

7. CONCLUSION

In this paper it was performed the parameterization of Pacejka tire model for a light weight vehicle regarding the
combined slip. For this, the parameterization for a pure slip in the same conditions of pressure and vertical loads was
made and after the complete parameterization for the combined slip was executed.

The results were obtained by fitting the experimental data with the Pacejka model through the genetic algorithm IOA.
Then all the parameters for longitudinal and lateral forces, disregarding the camber angle, were obtained. The great
adjustment showed that the Pacejka model works correctly for combined slip and pure slip for a light weight vehicle tire.

The main difference noted between the light weight vehicle tire and automotive tire in the parameterization is that for
the longitudinal force there is not a peak of the force for medium longitudinal slip. Then the light weight vehicle will lose
the grip before the automotive tire because it does not have the peak in longitudinal force. This shows the importance of
using a parameterization for small tires instead of using an automotive tire as an approximation.

With the complete parameterization for pure and combined slip it is possible use these parameters for a similar tire by
finding the scaling factors, which can be achieved by adjusting the model for the different tire and/or ground set.
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