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Parameter Identification and
Validation for Combined Slip Tire
Models using a Vehicle Measurement
System

Matthew Van Gennip'
1 A&D Technology Trading (Shanghai)Co., Ltd.

Abstract

It is imperative to have accurate tire models when
trying to control the trajectory of a vehicle. With the
emergence of autonomous vehicles, it is more
important than ever before to have models that
predict how the vehicle will operate in any situation.
Many different types of tire models have been
developed and validated, including physics based
models such as brush models, black box models,
finite element based models, and empirical models
driven by data such as the Magic Formula model.
The latter is widely acknowledged to be one of the
most accurate tire models available; however
collecting data for this model is not an easy task.
Collecting data is often accomplished through
rigorous testing in a dedicated facility. This is a long
and expensive procedure which generally destroys
many tires before a comprehensive dataset is
acquired. Using a Vehicle Measurement System
(VMYS), tires can be modeled through on-road data
alone. This reduces the time and cost significantly,
and does not require destroying multiple tires.
Previous  works regarding this  parameter
identification method have used only the basic
versions of the Magic Formula model — pure
longitudinal slip and lateral sideslip — but the Magic
Formula model also includes combined slip
conditions as well. To accurately mimic the tire
forces, especially in safety critical situations for
autonomous vehicles, combined slip tire models are
necessary. The longitudinal slip, side slip angle, tire
forces, and tire moments are measured and
calculated using a VMS during normal and extreme
driving scenarios. The data is then used to identify
the parameters for the 1989 Pacejka model for both
pure slip and combined slip scenarios. These models
are then implemented and validated with a full
vehicle dynamic model.

Introduction

Autonomous vehicles are getting much attention
these days.!: 234 There are many different aspects to
a driverless vehicle, including path planning [1],
image processing [2-4], data analysis, and the low
level control of the vehicle [5]. All these processes
are important; they need to work in tandem for the
vehicle to be able to drive itself. Regardless of how
good all the components are, the vehicle itself must

be able to follow the desired trajectory. This can be
accomplished by using an accurate vehicle dynamic
model to assess the safety and feasibility of a given
trajectory [6].

Accurate tire-force models are vital components
in vehicle modeling in order to analyze and simulate
a vehicle trajectory [7]. These models dictate how
much longitudinal and lateral force are available for
each tire. Based on this information, the vehicle
controller can determine what inputs are needed in
order for the vehicle to follow a reference trajectory
[8]. An important aspect of tire modeling is the
effect of tire forces in both the longitudinal and
lateral directions simultaneously. This is vital
information since generally both forces will be
required to follow the given trajectory, or to
determine if the reference trajectory is even possible.

Tires are one of the most difficult parts of a
vehicle to model accurately. Over the years, many
different models have been developed that provide
varying accuracy. These include linear tire models
[9], physics based models such as the Brush model
[10], the flexible model [11], and the Dugoff model
[12-13], black box models [14-15], finite element
based models [16-18], and data-driven empirical
models [19]. For many situations the simplicity and
ease of linear tire models is sufficient for the task;
however other tasks may require a more accurate
model. For a complicated task such as controlling
the trajectory of an autonomous vehicle, these
models are vital to ensure the vehicle controller does
the best possible job. Normally these models are
developed in dedicated test facilities that can run
controlled tests on the vehicle tires. Unfortunately,
these tests are expensive and time consuming while
resulting in models that may not be accurate enough
under real road conditions. One of the main
limitations of testing in test rigs is that any data
outside the measurement range can only be
extrapolated as approximations. Another major
limitation is that the rolling belts or drums may not
be representative of real roads. As such, on-road
measurements may lead to better practical results
even though there is less control available during
testing.

There are some downsides and limitations to
developing tire models using on-road data alone.
The main limitations is the ability to control the
conditions of the tests. When performing tire tests on
a rig, all the parameters and conditions of the test
can be set and accurately reproduced. Unlike rig
testing, road testing results will vary depending on
many uncontrollable parameters such as pavement
conditions, tire temperature, and wind conditions.
Due to this, the repeatability of the tests can
sometimes be an issue; however this can be
mitigated by measuring certain external variables
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such as the temperature, wind speed, and friction
coefficient of the road. By measuring these values,
their variability can be accounted for during data
analysis. Details regarding test repeatability are
discussed in the Testing section.

Another limitation of on-road testing is the ability
to measure specific data points. For instance, it is
difficult to measure data with both a large positive
longitudinal slip value along with a large sideslip
value. In cases like this, it may be that the vehicle is
unable to achieve these values due to mechanical
limitations. In these situations it is acceptable to not
have data since the vehicle will never encounter such
a scenario. In other cases it may be difficult to cause
the vehicle to perform the necessary maneuver in
order to collect the desired data. These cases have
been taken into consideration when developing the
testing to be performed on the vehicle.

This article develops pure and combined slip 1989
Pacejka tire models for an autonomous 2015 Hybrid
Lincoln MKZ using on-road data alone from a
Vehicle Measurement System (VMS) by A&D
Technology [19]. The article presents a method for
quickly developing an accurate tire model to be used
in vehicle simulation and controller development.

There has been previous work using the VMS for
vehicle parameter identification; however it has been
limited to longitudinal dynamics [6], [7].
Consequentially, all tire models that have been
developed using the VMS have been limited to
longitudinal Pacejka models. This article delves into
lateral dynamics and identifies the parameters for the
lateral Pacejka model along with the various
parameters during combined slip conditions, when
both longitudinal and lateral forces are acting upon
the wheel simultaneously.

This article first covers the modelling
methodology and literature review, followed by an
overview of the technology used to gather a
comprehensive data set. Next, the various tests
performed are outlined in detail. Following this, the
results are presented, including the tire models for
pure longitudinal slip conditions, pure lateral slip
conditions, and combined slip conditions. Lastly,
there is a brief discussion of the results, ending in
the conclusion.

Tire Modelling and Literature Review

This section covers the basics of tire modeling,
including a brief literature review and explanation of
both the linear tire model and the Pacejka model.
This article uses the SAE tire axis system [24].

Tire modeling is primarily used for determining
the longitudinal (tractive) and lateral forces exerted
by a tire, specifically when the vehicle is in motion.

The tractive force is mainly dependent on
longitudinal slip. Longitudinal slip is defined as
follows [24]:

s = (v—rw)

. M
Where s is the longitudinal slip, v is the velocity of
the vehicle at the venter of the tire, r is the radius of
the wheel, and o is the angular velocity of the wheel.
The longitudinal slip is generally very small,
however even slight differences in longitudinal slip

can have drastic effects on the tractive force.

The lateral force is mainly dependent on the
sideslip angle of the tire. Sideslip is defined as the
angle between the wheel heading and the direction
of motion [24]. Just like longitudinal slip, this value
is generally very small, normally less than four
degrees; however these small changes also have
drastic effects on the lateral force.

Both the longitudinal force and lateral force are
also dependent on the normal load of the tire, which
itself is dependent on many variables such as the
static weight of the test vehicle, the grade of the road,
the location of the center of gravity, along with any
acceleration, pitch, and roll encountered by the
vehicle. During an on-road maneuver, the normal
load on each tire will vary greatly. This constitutes
one main benefit for testing on a dedicated test rig,
since the normal load on the tire can be provided as
an input. To account for the changing normal load
during on-road testing, the longitudinal and lateral
forces must be normalized. Details about this
procedure can be found in the Results section.

Both the longitudinal and lateral forces on the tire
are developed through a generalized simplification
of the tire patch dynamics. As the camber angle of
the tire increases, the contact patch will deform,
causing changes in the observed forces. The increase
in camber angle will cause a camber thrust force
[26], which generally adds to the observed lateral
forces. Camber thrust can be taken to be directly
proportional to the camber angle [27]. Details
regarding how camber thrust is accounted for can be
seen in the Results section.

There are other additional factors that affect the
observed forces on the tire, such as the friction
coefficient of the road, the tire temperature, and the
tread wear. The tire tread will degrade over extended
and extreme use. As the tread degrades, the available
forces will decrease. This effect is not considered in
this paper since the application is for normal driving
scenarios with tires in good condition. The
temperature of the tire also impacts the longitudinal
and lateral forces. Since the vehicle will be used for
normal driving scenarios, the change in temperature
is neglected since the corresponding change in
forces is insignificant.
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Lastly, the friction coefficient of the road
determines how much force is available for the tires.
Driving on dry pavement as opposed to ice is
extremely different due to the difference in the
friction coefficient. In this paper the friction
coefficient is assumed to be constant. For simulation
purposes this is acceptable since the friction
coefficient is provided as an input; however if these
models are used on a vehicle controller, there will
need to be an estimator in order to identify the
friction coefficient.

A number of tire models have been developed for
use with on-road measurement data as opposed to
data gathered from a test rig. One of these models is
the Thermal and Mechanical tire model (TAME)
[20-21]. This model is an accurate representation of
a vehicle tire, even more accurate than the Pacejka
tire model due to the inclusion of thermal properties.
Consequentially, this model is useful for extreme
driving situations, such as racing, whereas it is less
important during normal driving scenarios, where
the thermal properties of the tire do not vary greatly.
Since the intended application is to be used for
normal everyday driving, this model is not used
since the added complexity of this model is not
required.

A much simpler tire model is a linear tire model
[23]. As the name suggests, this model varies
linearly with longitudinal slip and sideslip angle.
The formulas for this model are outlined in

Equations 2 through 3.
Fi(s) =CisF, 2
Fy(a) =CyaF, 3)

Where s is the longitudinal slip, a is the sideslip of
the wheel, Cx is the longitudinal stiffness of the tire,
and Cy is the cornering stiffness of the tire. This
model is useful since it is easy to implement due to
the simplicity of the equations, however it is only
accurate for very low longitudinal slip and sideslip
angle values. Normal driving situations may exceed
these limits, causing the model to become
inaccurate.

The Pacejka tire model is a far more accurate
representation of the tire forces. There are many
different versions of the Pacejka model, the most
recent version being in 2012 — PAC 2012 [1]. Each
revision of the model adds more accuracy and
complexity; adding properties to include combined
slip conditions, advanced tire-transient behaviors,
and other factors. In order to increase accuracy
beyond the simple linear tire model, while also not
increasing the complexity too much, the 1989
Pacejka tire model is used. The formulas for the
1989 version of are outlined below in Equations 4
through 5. This model depends on both the
longitudinal slip/sideslip angle and the normal force
on the tire.

F.(s,F,) = Dsin(Ctan™! (Bs — E(Bs —

tan~! (Bs)))) F, 4)
Fy(aF,) = Dsin(Ctan™! (Ba — E(Ba —
tan™! (Ba)))) F, (5)

Where B, C, D, and E are all constants. These
complicated formulas are still a simple model
compared with more recent versions of the Pacejka
tire model [1]. It is worth noting that these models
only work under pure slip conditions. That is to say
that these models only work when either a
longitudinal force is being applied or a lateral force
is being applied, not when both are applied
simultaneously. To account for this condition, called
combined slip, an updated Pacejka model, such as
PAC 2012, could be used. This solution is not used
in this paper due to the large number of parameters
involved, which detracts from the objective of
creating a simple, accurate tire model. Instead, a
piecewise combined slip model is used. This model
captures the tire forces and moments under
combined slip scenarios, resulting in improved
accuracy over the pure slip models while
maintaining the relative simplicity of the 1989
Pacejka tire model.

This paper does not develop a new model; instead
the parameter identification for the 1989 Pacejka tire
model is shown for various combined slip scenarios.
This model is for one ambient temperature and one
road friction coefficient. Additional parameter
identification is needed in order to develop tire
models at other conditions.

Data Collection

One of the main issues with the Pacejka model is
collecting a comprehensive dataset. Collecting data
is often accomplished through rigorous testing in a
dedicated facility. This is a long and expensive
procedure that will generally destroy many tires
before enough data is acquired. Using the Vehicle
Measurement System (VMS) by A&D Technology
[19], combined slip Pacejka tire models can be
quickly developed through on-road data alone. This
reduces the time and cost significantly and does not
require destroying multiple tires.

The VMS consists of three main sensor modules
which are attached to each of the four wheels. These
sensor modules are the Wheel Force Sensor (WFS),
Wheel Position Sensor (WPS), and Laser Ground
Sensor/Laser Doppler Velocimeter (LGS/LDV).
Each sensor module collects a variety of signals
detailed below. All data signals are recorded at a rate
of 100Hz.

The WFS consists of a custom wheel hub
comprised of strain gauges. These strain gauges
measure the longitudinal, lateral, and normal force
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on each wheel. They also measure each of the
moments about the above axis. In addition to these
measurements there is also a sensor which measures
the angular velocity of the wheel and the average
temperature of the tire. All of these measurements
are taken at the center of the wheel.

The WPS is a large truss system that consists of
five digital encoders which determine the X-Y-Z
location of the wheel relative to the chassis along
with the camber and toe angles of the wheel.

The LGS/LDV consists of five laser sensors. Two
of these sensors measure the longitudinal and lateral
speed of the vehicle at the tire. The other three
sensors measure the current ride height of the
vehicle which is useful for determining the effective
wheel radius throughout the test. Figure 1 shows one
wheel of the test vehicle — 2015 Hybrid Electric
Lincoln MKZ — with the VMS attached to it.

Figure 1: The VMS Attached to a Wheel

In addition to the VMS, data was collected from a
Racelogic VBOX3i, which contains an Inertia
Measurement Unit (IMU) and a Global Positioning
System (GPS). These values are not used in the
development of the tire model; they are only used
for model validation.

Testing

To get a comprehensive data set, a number of tests
must be performed. Each test is performed a
minimum of four times in order to eliminate
potentially erroneous data.

To collect data for the pure longitudinal slip
model, a rapid acceleration and braking test is
performed. The vehicle is accelerated quickly from
rest to a speed of 100km/h, after which the brakes
are applied, returning to rest as quickly as possible.
A lower top speed can be used if necessary. The
most important part of this test is the quick transients,
which will excite large longitudinal slip, filling in
most of the nonlinear data regions. This single test is
able to provide sufficient data for the pure
longitudinal slip Pacejka model.

As opposed to the single test needed for the
longitudinal model, three different tests are
performed to obtain a sufficiently rich dataset for the
pure lateral slip model. First, a steady state cornering
test is performed. This test involves driving in a
circle with a constant radius at a constant speed. This
test is performed according to ISO standards [ISO
4138:2012] with a radius of 15m, 20m, and 25m.
The second test is a double lane change maneuver. In
this test the vehicle travels at a constant speed
through a typical double lane change motion. This
test is also performed according to ISO standards
[ISO 3888-1:1999] at speeds of 60km/h, 80km/h,
and 100km/h. The last test is a step steer test. This
test involves traveling in a straight line at a constant
speed and then suddenly applying a large steer input.
This is also done according to ISO standards [ISO
7401:2011] at speeds of 50km/h, 60km/h, and
70km/h with an approximate 120deg, 90deg, and
60deg steer angle input respectively. Before
attempting the step steer test, multiple dry runs were
executed to determine a safe steering angle at each
of the above speeds.

It can be difficult to obtain data for pure
longitudinal and pure lateral slip models using
on-road data. This is simply because of the lack of
control available during the road tests. For the above
tests, the gathered data contained combined slip data
points as it is practically impossible to encounter
zero longitudinal or lateral force, however this was
accounted for. For the pure longitudinal slip test it is
relatively easy to ensure only small lateral forces are
observed by simply keeping the steering wheel
straight. Throughout this test there is a small
constant sideslip angle caused from the toe angle,
necessary for vehicle controllability; however any
data points with larger sideslip values are ignored for
the pure longitudinal slip analysis. Likewise, for the
pure lateral slip tests, any data points with large
longitudinal slip values are disregarded during the
analysis. Maintaining small longitudinal slip values
throughout the lateral tests is more difficult, but with
the large variety of tests performed, a comprehensive
data set is gathered nonetheless.

For the combined slip Pacejka model, two tests
are performed to obtain the necessary data. First, a
modified step steer test is performed. The only
difference from the above test procedure is that after
the steering angle is applied, a large braking force is
also applied. This results in data that has both a large
longitudinal slip and a large side-slip angle. This test
is only able to gather data for the negative
longitudinal slip (braking) region since it is difficult
to achieve large positive longitudinal slip during this
maneuver. This is due to the mechanical limitations
of the vehicle. The second test that is performed is
dubbed the grand sweep maneuver. In this test, the
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steering wheel angle changes at a constant rate in
either the clockwise or counterclockwise direction
according to the following criteria. The speed of the
vehicle is not to exceed 70km/h and not to fall below
30km/h. While increasing the steer angle in either
direction past the neutral straight wheel state (a
steering angle of zero degrees), the brakes are
applied. The braking should be tuned so as to slow
down the vehicle from the approximate speeds of
70km/h to 30km/h by the time the steering wheel
angle rotates a full 360 degrees. While the steer
angle is decreasing back to the neutral straight wheel
state, the accelerator pedal is applied. The
acceleration should be tuned so as to speed up the
vehicle from the approximate speeds of 30km/h to
70km/h by the time the steering wheel angle returns
to zero degrees — the neutral straight wheel state.
Once the steering angle is back to zero degrees, the
wheel should continue to rotate in the same direction
—so as to turn in the other direction — with the above
criteria in mind. This process is repeated a total of
ten times. Ultimately this maneuver results in the
vehicle traveling in a figure eight pattern. Like the
previous test, it is more difficult to excite large
positive longitudinal slip than it is to excite large
negative longitudinal slip; a powerful engine would
be needed in order to excite this region.

Many tests had to be tweaked and repeated to
improve repeatability while still obtaining a
sufficiently rich data set. Even though the exact
inputs for each maneuver are difficult to reproduce,
by following the details above, the resulting data is
nearly identical each time the test is repeated. The
above maneuvers were repeated a minimum of five
times, and for each maneuver except the grand
sweep maneuver it was found that for each value of
longitudinal slip or lateral sideslip, the recorded
normalized force had a maximum standard deviation
of 0.0802. The grand sweep maneuver was more
difficult to repeat due to the complexity of the
maneuver, having a standard deviation of 0.118.

All of the tests detailed above are the final
versions; easily repeatable with the exception of the
grand sweep maneuver. All of the pure lateral slip
tests are according to ISO standards, and the desired
trajectories were outlined with traffic pylons to
ensure the tests adhered to these standards.

Results

Before using the data collected from the tests, the
data must be quickly analyzed to ensure it is valid.
Through a simple visual analysis of various data
signals, it can be seen that the collected data is
reasonable. A plot overlaying the wheel speed
(angular velocity multiplied by effective wheel
radius) and the measured vehicle speed is shown in
Figure 2. As seen, these values follow the same

approximate curve. The small differences are due to
the longitudinal tire slip. Figure 3 shows the tractive
and normal forces for the same maneuver, which
also act in a sensible manner. These two plots
support the validity of the experimental data.
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The plots above simply show the raw output data
from the VMS. To use the data for tire modeling,
some processing must be done. Primarily the sideslip
angle and longitudinal slip ratio must be calculated.

Longitudinal slip, defined in Equation 1, is
calculated by dividing by the vehicle speed.
Consequentially, all test points where the vehicle
speed is zero will cause a singularity. These data
points must be removed. The sideslip angle is
calculated by observing the longitudinal and lateral
speed of the tire, measured by the LGS/LDV. If there
is no lateral speed, then the tire heading is the same
as the tire direction of motion, meaning the sideslip
angle is zero. If lateral speeds are observed then the
resultant direction of motion is found using the
Pythagorean theorem. A simple trigonometric
identity gives the sideslip angle of the tire. This is
outlined in Equation 6.

(6)

As described earlier, the tire forces depend upon

-1 Lateral Speed
a = tan _—
Longitudinal Speed

25
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the normal load experienced by the tire. As shown in
Figure 3, the normal load on the tire is measured and
accounted for in the model. This is done by dividing
the recorded longitudinal and lateral forces by the
normal load. This normalization accounts for all the
changes in tire behavior due to normal load. The
normalized longitudinal Pacejka tire model is shown
in Equation 7.

%(s) = Dsin(Ctan"! (Bs — E(Bs — tan™! (Bs))))

(N

Some post processing must also be done using
measurements from the WPS. During more extreme
testing maneuvers, the camber angle of the tires
increase. The reference frame of the WFS is fixed to
the wheel. Based on this, as the camber angle
increases, part of the normal load is actually
measured as a lateral force, and vice versa. The
camber angle is measured using the WPS and used
to apply a coordinate transformation to the measured
forces from the WPS to ensure that the normal loads
are normal to the road. Through this process the
camber thrust is accounted for.

Lastly, since the tire forces are measured at the
center of the wheel hub, post processing is done to
determine the forces at the tire contact patch itself.
First, a simple coordinate transformation is
necessary in order to identify the forces at the
contact patch itself. In addition, an inertial force is
observed due to the WFS, the wheel, and the tire
itself. This force is easily removed from the
measured data using the measured weights of the
components.

Pure Longitudinal Slip Pacejka Model

The normalized pure longitudinal slip Pacejka
model, detailed in Equation 7, depends solely on
longitudinal slip. As stated earlier, many other
factors also influence the longitudinal force. Many
of these factors are taken into account during data
processing however many of these factors are also
ignored in order to simplify the model. Figure 4
shows the processed data for the pure longitudinal
slip acceleration/braking test. The x-axis is the
longitudinal slip and the y-axis is the unitless
normalized longitudinal force.

Experimental Data
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Figure 4: Measured Data from Pure Longitudinal Slip Test
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It can be seen that many of these data points are
erroneous. There should be no high slip values that
provide a near-zero force. These data points are all
erroneous values that occur when the vehicle is at a
near zero speed. From the definition of longitudinal
slip it can be seen that when the vehicle speed is
near-zero the slip values are more prone to error.
Post processing removes all singularities by
removing all data points with a vehicle speed of zero,
however near zero speeds will also cause erroneous
data due to the asymptote. By removing these values,
a more representative data set is obtained.

Using this data set, a nonlinear least squares
optimizing routine is performed to identify the
Pacejka parameters in Equation 7. This was done
using the Matlab Curve Fitting toolbox. The
parameters for this Pacejka tire model are provided
in the Appendix. The resulting Pacejka curve is
shown with the experimental data set in Figure 5. In
addition, a linear tire model is also fit to show a
comp1arison between these two models.
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Figure 5: Pure Longitudinal Slip vs. Normalized Longitudinal Force

The linear tire model shown in Figure 5 is
accurate for small values of longitudinal slip. The
linear tire model is much simpler than the Pacejka
model; however the use of the linear tire model is
limited. Likewise, the pure longitudinal slip 1989
Pacejka tire model is much simpler than other tire
models; however it has limited use.

The pure longitudinal slip Pacejka model was
developed using data points from every run for the
test specified in the previous section. It is worth
noting that when performing the optimization for
only the data points for each individual run, the
resulting parameters only differ by a maximum of
1.8%. This helps validate the repeatability of the
designed test.

Pure Lateral Slip Pacejka Model

The pure lateral slip model is determined in a
similar fashion as the pure longitudinal slip, however
instead of longitudinal slip, the sideslip angle is used.
Sideslip is defined as the angle between the heading
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of the wheel and the instantaneous direction of
motion. Details for calculating the sideslip angle
based on experimental data is found near the
beginning of the Results section. Like the
longitudinal model, the lateral tire force is divided
through by the normal load in order to calculate the
normalized lateral force. By normalizing the lateral
force, the change in lateral force due to the normal
load is accounted for.

Like the pure longitudinal slip model, there will
be a number of erroneous data points while the
vehicle is near zero speed. This is due to the
calculation of the sideslip angle; calculated by
dividing by the longitudinal speed of the wheel.
After removing the erroneous data while the vehicle
was near zero speed and combining the data from
each of the three different tests performed, a
comprehensive data set is achieved. The data points
are plotted Figure 6. Once again a simple
optimization is run in order to determine the Pacejka
curve parameters necessary for the model to fit the
data. The parameters for this curve are shown in the
Appendix.

1.5

O Experimental Data
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Figure 6: Pure Sideslip vs. Normalized Lateral Force

It is worth noting that the experimental data points
shown in Figure 6 have a higher standard deviation
than the longitudinal results in Figure 5. This is seen
as the thickness of the experimental curve. The
standard deviation is larger due to multiple reasons.
Primarily it is due to many of the simplifications that
were used for this model, such as neglecting camber
thrust and temperature changes. It was observed that
the tire temperature varied more during the lateral
tests than during the longitudinal test.

The increased standard deviation is also likely due
to the normalization process. The normal load
observed on the tires vary more during the lateral
tests as opposed to the longitudinal tests. These
transients increase the standard deviation slightly.

Combined Slip Pacejka Model

The combined slip model is far more complicated
than either of the longitudinal or lateral models due

11

to the effects of the friction ellipse [14]. The friction
ellipse is based on the Equation 8:

F2 F2 2
“<4+2=F 8
] z ®)

A visual representation of the friction ellipse is
shown in Figure 7.

F,

‘Applied

Turn

Braking <= Driving

Figure 7: Visualization of the Friction Ellipse

Basically, there is a maximum amount of force
available to be applied by the tire. If force is only
applied in the longitudinal direction, pure
longitudinal slip, then the maximum available force
is ?xmax' Likewise, if force is only applied in the
lateral direction, pure lateral slip, then the maximum
available force is AFymax. The problem arises when
both longitudinal and lateral forces are encountered
at the same time. When force is applied in both the
longitudinal and lateral directions, the maximum
available force is shown as ﬁAm,lied; however the
longitudinal and lateral components of this force are
less than Fxmax and?xma .

X

Under normal driving situations, this effect is not
prevalent due to a very small necessary lateral force.
The purpose of developing these models is to
implement them on an autonomous vehicle. Most
maneuvers the vehicle will perform are normal
driving situations where this effect is not substantial;
however in a safety-critical situation where an
autonomous vehicle must try to avoid an obstacle,
this reduced maximum force is vital information.

Because of this, a combined slip model is
developed. The following work is completed for
both the longitudinal and lateral combined slip
models; however since the process for both of these
models is identical, only the longitudinal work will
be presented. The data gathered through the two
combined slip tests are compiled together and any
erroneous data is removed, just as it was in the pure
slip models. To determine if there is actually a large
effect on available forces during combined slip
conditions, the normalized longitudinal force was
plotted against the normalized lateral force. The
resulting plot is cluttered due to the sheer number of
data points. As such, many of the data points were
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trimmed only for visualization, shown in Figure 8.
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Figure 8: Normalized Longitudinal Force vs. Normalized Lateral
Force

It is worth noting that every point inside the
friction ellipse is a feasible point. The tires do not
need to apply the maximum available force, rather
they are limited by the maximum force. This is why
many of the data points in Figure 8 are arrayed
inside the border of the ellipse. As the sideslip values
increase, the longitudinal force observed decreases
while the lateral force increases. Only a few of the
data points for larger sideslip values are shown;
however it is easy to see that as the lateral force
increases the available longitudinal force decreases.
It is important to note that the high lateral force
values only occur during high sideslip values as
expected. The low lateral forces shown for near zero
sideslip values are necessary for vehicle stability.

From Figure 8 it is seen that as the absolute value
of the lateral force increases, the longitudinal force
decreases. Consequentially, the longitudinal slip was
plotted against the normalized longitudinal force to
determine the differences in the longitudinal Pacejka
model. This can be seen in Figure 9. By adding a
third dimension for the sideslip (different colors), it
is easy to see the impact it has on the available
longi&ldinal force.
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Figure 9: Longitudinal Slip vs. Normalized Longitudinal Force with

Varying Sideslip
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The must substantial change is seen when
observing the data points with a sideslip angle of
twenty degrees. It is clear that if a linear tire model
was optimized around these data points, as opposed
to the near zero sideslip data points, the slop of the
model would be significantly different. This is the
main impact that needs to be captured by the
combined slip tire model.

It is important to note that large sideslip values are
only shown in the negative longitudinal slip (braking)
range. The sideslip values observed in the positive
longitudinal slip range are ignored only for
visualization purposes; they are included in
calculations. In addition, it is worth noting that
sideslip values exceeding 15 degrees are only seen in
the braking region. This is expected, due to
mechanical limitations, and was outlined in the
Testing section. Fortunately the combined slip
models will mainly be used in safety critical
situations, when the only objective is avoiding an
obstacle. During these types of situations it is likely
that the vehicle will attempt to steer away from the
obstacle ~ while  braking, not accelerating.
Consequentially, the combined slip models are
optimized more for the braking region than the
accelerating region.

To create a combined slip model, a continuous
function is needed to account for the change in
longitudinal forces due to lateral forces and vice
versa. This is accomplished by creating a piecewise
function and then creating a spline to link the
identified data points.

Using specific data points, multiple Pacejka
curves were optimized around the different sideslip
values. Curves were optimized for sideslip values of
0 (pure longitudinal slip), 2, 5, 10, 15, 20, and 25
degrees. The optimization process is identical to the
process outlined in the pure slip models. More
values can be used to increase the fidelity of the
model; however we found the above values to be
sufficient. Assuming symmetry of the Pacejka model,
identical curves were used for each corresponding
negative sideslip value. To increase the fidelity, new
curves could be fitted for this negative region. The
identified Pacejka parameters are presented in the
Appendix along with the parameters for the lateral
combined slip Pacejka curves.

Three of the resulting curves, for 0, 10, and 20
degrees sideslip angle, are shown in Figure 10. The
experimental data shown in Figure 10 is the same as
that in Figure 9; however the sideslip values were
ignored for visualization to highlight the three
different curves.
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Figure 10: Combined Slip Pacejka Models for Sideslip Values of 0,

10, and 20 Degrees

As sideslip angle increases, the maximum
available longitudinal force decreases significantly.
This decrease is not linear in behavior, which is why
the piecewise functions are necessary in order to
obtain an accurate representation of the full
combined slip model. Ultimately this data can be
used to determine the parameters of the 2012
Pacejka model. This will eliminate the piecewise
nature of the current model, however it will also
require increasing the complexity of the model
significantly. There are other methods that will
eliminate the piecewise nature of the combined slip
Pacejka model without having to identify the
excessive number of parameters needed in the 2012
Pacejka model. One such method was developed by
MSC Software for use in the 1989 and 1994 Pacejka
models [9]. This method involves modifying the
coefficient of friction values in order to change the
available forces due to combined slip behavior. This
is best seen by referring back to the equation for the
friction ellipse, Equation 8.

By changing the coefficient of friction in both the
longitudinal and lateral directions, the available
forces in each of those directions will change.
Referring back to Figure 8, the indicated force could
be achieved by simply reducing the coefficient of
friction in both directions so as to reduce the
maximum forces to the indicated available forces.
This method works well when only the pure slip
Pacejka models are known, but since the combined
slip models have also been developed here it is not
necessary.

Another method for eliminating the piecewise
nature of the model is to interpolate the determined
values with a spline. This relates the change in slip
and sideslip with the change in model parameters.
This is done by interpolating each of the four
Pacejka parameters individually. Using this method,
the piecewise curves seen in Figure 10 reduce to a
single function for longitudinal force which depends

1

13

upon both longitudinal slip and sideslip angle.
Likewise a lateral model is developed which also
depends upon both longitudinal slip and sideslip
angle. These functions are valid for all scenarios,
including both pure slip and combined slip. Figure
11 shows many of the interpolated Pacejka models
based on the above method.
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Figure 11: Results from the interpolated Combined Slip Pacejka Tire

Model
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This method can be used to determine accurate
tire models for any combined slip scenario. Each
individual tire model presented above has been
created using experimental data and validated using
a different set of experimental data. Once the tire
models were validated, they were incorporated into a
full vehicle dynamic model in order to further
validate the models and test the accuracy of the
different versions — linear, pure slip, and combined
slip models.

Full Vehicle Dynamic Model Validation

In addition to tire modeling, a full vehicle
dynamic model is developed. The wvehicle is
modelled using MapleSim 2017.3, a software
developed by Maplesoft [25] for dynamic modeling
and simulation. One advantage of this software is
fast computation times since the calculations are
completed through use of symbolics. The vehicle is
modelled as a 14-degree of freedom multibody
model. The chassis is considered to be one body
with a full 6 degrees of freedom. Each tire has one
degree of freedom for wheel spin. The front two
wheels are also allowed to rotate about the vertical
axis to model the steering of the vehicle; however
these values are specified as an input steer value and
therefore are not additional degrees of freedom. The
last four degrees of freedom are modelled in the
suspension system of the vehicle, allowing the
suspension to compress and decompress. The model
has five inputs: the steering wheel angle along with
each of the four wheel torques. The model includes
the weight of both a driver and a passenger, which
were both present during experimental data

1
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collection. The simulation is performed using a fixed
step Euler solver with a step size of 0.001s.

The combined slip tire model is implemented
using the interpolated spline method described in the
previous section. The identified parameters are listed
in the Appendix.

A random trajectory is developed to test and
validate the vehicle and tire models. The trajectory
performed is shown in Figure 12.
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Figure 12: Trajectory of the Test Vehicle during the Validation
Maneuver

Large amounts of acceleration, deceleration, and
swerving are performed to encounter a variety of
combined slip situations. This is done on purpose to
test out the various tire models. The full vehicle
dynamic model was used to compare the linear, pure
slip Pacejka, and combined slip Pacejka tire models.
The full vehicle dynamic model itself is not perfect;
however during the following comparison, the only
differences between the models are the tires
themselves; all other vehicle parameters are kept
constant.

To validate the model, the chassis accelerations
were measured and simulated. The chassis
acceleration was chosen because the intended use of
these models is to simulate and control an
autonomous vehicle. To accurately simulate the
vehicle, the simulated accelerations should be
identical to the experimental accelerations. Figure 13
shows the longitudinal acceleration versus time for
the linear, pure slip, and combined slip models.
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Figure 13: Full Vehicle Dynamic Longitudinal Model Validation for
Three Tire Models - Linear, Pure Slip Pacejka, Combined Slip
Pacejka
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It can be seen that the longitudinal acceleration
values at the start of the maneuver are practically
identical for all of the models, with the combined
slip model oscillating slightly less. As the maneuver
continues however, combined slip scenarios are
encountered and the models diverge. It can be seen
that the pure slip Pacejka model produces better
results than the linear tire models and that the
combined slip Pacejka model is the most accurate of
the three, as expected. Similar results can be seen
when looking at the lateral acceleration of the
vehicle shown in Figure 14.

It is worth noting that the model deviations occur
mostly at high slip and combined slip scenarios.
During these scenarios the linear and pure slip
models assume that there is more force available
than there actually is. Due to this, the simulated
accelerations are larger than the experimental
accelerations. This is the main advantage of the
combined slip Pacejka tire model.
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Figure 14: Full Vehicle Dynamic Lateral Model Validation for Three
Tire Models - Linear, Pure Slip Pacejka, Combined Slip Pacejka

In Figure 14, it is once again seen that the pure
slip Pacejka tire model estimates the forces better
than the linear tire model; however it misses out on
some of the characteristic behavior that is captured
with the combined slip tire model. Under most
circumstances this difference is small enough to not
make a notable change, but in safety critical
situations for an autonomous vehicle, this small
difference could have a large effect on the outcome
of the scenario. Consequentially it is determined that
the combined slip Pacejka tire model is required in
order to provide enough accuracy for autonomous
vehicle applications.

Discussion

One interesting observation is that even though
the Pacejka tire model is symmetric about the origin,
the experimental data is slightly different for the
accelerating and braking cases. This is not due to
some small vertical or horizontal shift, which was
found to be negligible. This is likely due to an
internal braking controller used for regenerative
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braking. It was found that better Pacejka models
could be found by solely considering either the
accelerating or braking data as opposed to the data
set as a whole. This can be implemented in the
piecewise combined slip model by identifying a
separate set of parameters for positive and negative
slip values. This change would slightly improve
model accuracy however the difference is not
significant.

In addition, it was found that there are slight
differences between the four tires on the vehicle.
These differences are generally small, likely due to
varying tread wear and other issues; however a
notable difference is found during cornering
maneuvers between the inside wheel and the outside
wheel. The difference between the inside and outside
wheels vary by around 10%, which is a notable
amount. This difference is likely due to the
normalization process. Since the normal forces on
the outside and inside tires differ by a large amount,
the small error introduced through normalization is
amplified, causing the observed differences to be
seen. In general, this difference is ignored since the
model results are accurate enough for the intended
purposes.

Conclusions

A wide variety of tests were completed on the
desired test vehicle to gather a comprehensive set of
tire data. Using this data, the parameters for the 1989
Pacejka model were determined for pure
longitudinal slip, pure lateral slip, and combined slip
situations up to a maximum of 25 degrees for the
sideslip angle. The added accuracy gained by this
model as opposed to only using the pure slip models
will increase autonomous vehicle performance in
extreme scenarios. It was found that while testing
the pure and combined slip models during normal
driving situations, there was only a small difference
between them. However, when testing these models
under more extreme driving situations there was a
large improvement seen through use of the combined
slip model. Further tweaking and tuning of the
combined slip model will result in an even larger
reduction in error under similar extreme scenarios.
When implemented on an autonomous vehicle, this
could result in enough of a difference to avoid a
potential collision. Future work involves using the
determined combined slip models to determine the
parameters for the PAC 2012 tire model.
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VMS Vehicle Measurement System

WFS Wheel Force Sensor

WPS Wheel Position Sensor

LGS/LDV Laser Ground Sensor/Laser Doppler Sensor
IMU Inertia Measurement Unit

GPS Global Positioning System

CAN Controller Area Network

Appendix

Pure Longitudinal Slip Pacejka Model Parameters:

B=17.553 C=1.754 D =0.862
Pure Lateral Slip Pacejka Model Parameters:
B =9.488 C=1.865 D=1.02

Combined Slip Longitudinal Pacejka Model Parameters

Sideslip: 0 B=7.553 C=1.754 D=0.862
Sideslip: 2 B=17.551 C=1.75 D =0.831
Sideslip: 5 B=6.012 C=1.613 D=0.672
Sideslip: 10 B =5.42 C=1.827 D=0.56

Sideslip: 15 B =2.98 C=1.711 D=0.512
Sideslip: 20 B =2.48 C=1648 D=047

Sideslip: 25 B=2473 C=1.642 D=0.454

Combined Slip Lateral Pacejka Model Parameters

Slip: 0 B =9.488 C=1865 D=1.02
Slip: 0.1 B=9.02 C=1.67 D=0.98
Slip: 0.2 B =8.764 C=1.521 D=0.93
Slip: 0.3 B=6.128 C=1.381 D=0.854
Slip: 0.4 B=5.213 C=132 D =0.836
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E=0.721

E=1.181

E=0.721
E=10.68
E=0.638
E=0.711
E=0.719
E=0.72
E=0.72

E=1.181
E=0.952
E=0912
E=0.256
E=0.124
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MR 12000 o, BEKHAL, BIEHFRRA . BHRELHK 1.5, HEHRA 8.5 47
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