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Abstract

The results of vehicle performance tests often
vary depending on the season or with differences
in the road surface temperature.  It is believed that
these changes can partially be attributed to the
effect of tire surface temperature.  The aim of this
study is to develop a tire side force model that
incorporates the influence of tire surface
temperature.

The newly developed tire side force model
incorporates a thermodynamic model that allows

us to consider changes in the tire surface
temperature and a side force model that allows
for the effects of tire surface temperature.  The
tire model parameters were identified using the
results obtained with an indoor test facility.

The surface temperature and the side force
values predicted using this model agreed well
with actual measurements, proving the validity of
the developed model.
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1.  Introduction

In vehicle dynamics, an accurate description of the
tire characteristics is extremely important to the
study of a wide range of vehicle behavior.  For
example, in the development of control systems for
improving vehicle stability and control, such as ABS
and VSC (Vehicle Stability Control) systems, an
accurate tire model capable of simulating a wide
range of conditions is required to evaluate the
systems.

In general, data obtained using indoor test
facilities is used to develop highly accurate tire
models.  However, the use of indoor facilities
introduces some problems into the measurements.
One such problem is that the tire measurement input
conditions do not correspond to the actual conditions
under which a given tire/vehicle combination is
driven.

To address this problem, the authors attempted to
develop a tire model that is based on data obtained
using a vehicle running on actual roads.1) At the
same time, a test procedure for indoor test facilities
was developed2) to measure the tire characteristics
under realistic driving conditions for modeling the
tire force and moment properties.

Even if such modeling and measuring techniques
are applied, however, other conditions such as the
tire surface temperature cannot be fitted to all actual
running conditions.  Therefore, a new tire side force
model that is capable of considering changes in the
tire surface temperature was developed and is
presented in this paper.  The next chapter explains
the basic structure of the model.  Then, the deviation
method for the model parameters is presented.
Finally, the results calculated with the new model
are compared with those obtained with the indoor
test facility.

2.  Mathematical model for the tire side force
that considers the influence of tire surface
temperature

The authors proposed two functions to incorporate
into a new tire side force model that considers the
dependence of tire surface temperature.  These
functions were:

• A thermodynamic model that describes changes   

in the tire surface temperature
• A tire side force model that considers changes in 
the tire surface temperature

The following section explains each of these
models in detail.

2. 1  Thermodynamic model of the tire surface
A thermodynamic model of the tire surface was

defined based on the following assumptions:
1) Thermal input occurs in the contact area
2) Thermal output also occurs in the contact area
3) Thermal input and output occur simultaneously 

in the same area
Based on these assumptions, the tire surface

temperature T can be described as,

W = q−λA (T−T0)    •  •  •  •  •  •  •  •  •  •  •  •  •  • (1)

where,
W : Heat capacity
q : Heat flux
λ : Thermal conductivity
A : Contact area
T0 : Ambient temperature
Next, the heat flux q is described assuming that the

action of the tire on the road surface is changed to
thermal energy, as follows.

q=FyVα •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  • (2)

where,

Fy : Tire side force
V : Vehicle velocity
α : Slip angle

Then, Eq. (2) can be substituted into Eq. (1) to give,

=         [FyVα −λA (T−T0)]      •  •  •  •  •  •  •  •  • (3)

As Eq. (3) is a differential equation that describes
the relationship between the tire side force and the
tire surface temperature, it can be used to calculate
the surface temperature of the tire.

To solve this equation, we must derive two
parameters, namely, W and λ .

2. 2  Tire side force model based on "Magic 
Formula" and incorporating the influence 
of tire surface temperature

In recent years, a tire model called the "Magic 
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Formula" has been used for vehicle dynamics
simulation.  Therefore, the new tire side force model
that incorporates the influence of tire surface
temperature is based on the Magic Formula tire
model.  The equations describing the Magic Formula3)

tire side force model are as follows:

Fy(α) 
= Dy sin [Cy tan −1{Byα−Ey(Byα − tan −1(Byα))}]+ Svy

•  •  •  •  •  •  •  •  •  •  •  •  •  • (4)
α = α∗+Shy •  •  •  •  •  •  •  •  •  •  •  •  •  • (5)

We are required to make two assumptions
regarding the influence of tire surface temperature
on the side force, namely:

1) The side force changes in proportion to the tire 
surface temperature.

2) The coefficient of dependency of the tire 
surface temperature on the maximum side force 
has a different proportional value from that of 
the cornering power.

Considering the above two points, we can rewrite
the Magic Formula tire side force model to include
the influence of tire surface temperature, as follows:

Fy(α, T ) = Dy (T )sin [Cy tan −1{By (T )α − Ey(By (T )α

− tan −1(By (T )α))}]+ Svy

•  •  •  •  •  •  •  •  •  •  •  •  •  • (6)

Dy (T ) = Dy 0 •   1+ (T−Tm ) •  •  •  •  •  •  •  •  • (7)

By (T ) =                      •  •  •  •  •  •  •  •  •  •  •  •  •  • (8)

Ky (T ) = Ky 0 •  1+          (T−Tm ) •  •  •  •  •  •  •  •  • (9)

where, 

Dy (T ) : Peak value of tire side force including the 
influence of the tire surface temperature 

Dy 0 : Peak value of steady state tire side force 
model 

Ky (T )  : Cornering power (almost exactly    Fy (α, Τ)/ α
at α = 0) including the influence of the tire 
surface temperature 

Ky 0 : Cornering power (almost exactly    Fy (α)/ α
at α = 0) of the steady state tire model 

Tm : Average tire surface temperature during 

measurement to obtain the steady state tire 
model data 

Cp /  T : Change in tire side force with tire surface 
temperature 

µ /  T : Change in cornering power with tire  
surface temperature

For the above equations, two parameters are to be
derived, namely,    µ/  T and    Cp /   T.

The next section explains the method used to
derive the parameters in Eqs. (3), (7), and (9).

3.  Derivation of model parameters

The measurements described below were obtained
using a 205/65R15 passenger vehicle tire.

3. 1  Deriving the parameters used in the 
function for tire surface temperature

First, let's consider the experimental methods used
to derive the parameters λ and W in Eq. (3).  Eqation
(3) can be described as,

=    − κ (T−Τ0)        •  •  •  •  •  •  •  •  •  •  •  •  •  • (10)

Where κ is a new parameter, defined as,

κ =                                        •  •  •  •  •  •  •  •  •  •  •  •  •  • (11)

Then, Eq. (10) can be described when the work
performed by the tire is equal to zero, as follows.

κ =       • •  •  •  •  •  •  •  •  •  •  •  •  •  • (12)

Using this equation, the parameter κ can be
determined when the work being performed by the
tire is zero and the tire surface temperature is
changing.  (This corresponds to the tire being at rest
and cooling down.)  The sequence of the slip angle
change in the measurement is shown in Fig. 1.

The measured values of κ are shown in Fig. 2.
The parameter κ changes with time.  In this case, the
parameter κ was set to the stable state average value
(between 10 and 20 seconds) to remove the thermal
noise from the measuring system.

Next, let's consider the experimental method used
to derive parameter W.  Equation (3) can be
described as:
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W= •  •  •  •  •  •  •  •  •  •  •  •  •  • (13)

The parameter W is calculated after κ is derived.
This can be measured when the work being done by
the tire is other than zero. (This corresponds to the
state where the tire is warming up.)  So, the
sequence is, for example, the period when measuring
parameter κ between −22 and −2 seconds in Fig. 1.

Figure 3 shows the results calculated for
parameter W.  The absolute values of parameter W
when the slip angles are +10 degrees and −10
degrees are different, and these values change with
time.  Then, the value of W was determined by
averaging the results at slip angles of 10 degrees and
−10 degrees, which were also averaged values
between −15 and 2 seconds in Fig. 3, for the same
reason as that for parameter κ.

3. 2  Method of deviation of parameters in 
Magic Formula incorporating the influence 
of tire surface temperature

The following describes the methods of deviation
about parameters   µ /  T and   Cp /   T :
When Eq. (7) is differentiated by tire surface
temperature T, the equation becomes:

=                     •  •  •  •  •  •  •  •  •  •  •  •  •  • (14)

In this equation, Dy0 is the peak value of the tire
side force model which uses the steady state tire
measured data. Then, parameter   µ /  T is defined by
the relation between the peak side force value and
the tire surface temperature.

Figure 4 shows the measured data for the tire side
force and tire surface temperature,  as well as the
results obtained for d (Dy (T )) /dT.  In this case, the
slip angle is fixed to that angle that generates the
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Fig. 3 Calculated result of parameter W
[Vertical load : 4600N].
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Fig.4 Measured result of peak tire side force and tire
surface temperature and identified results of 
d (Dy (T )) /dT [Vertical load : 4600N].
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Fig. 2 Measured result of κ [Vertical load : 4600N].
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peak side force. The gradient of the peak value of
side force d (Dy (T )) /dT was measured at the positive
and negative slip angle, and then averaged.

Finally, the following explains the method of
deviation about parameter Cp /  T : 

When the Eq. (9) is differentiated by the tire
surface temperature T, it is described as,

=             •  •  •  •  •  •  •  •  •  •  •  •  •  • (15)

From this equation, the parameter Cp /  T is defined
as the relationship between Ky(T ) and the tire surface
temperature.

We should note that Ky(T ) indicates the cornering
power, as described in the previous section. In this
paper, we regard the tire side force at α = 1[degree]
or at α = −1[degree] to be the cornering power.

The gradient of change of the cornering power
with an increase/decrease in the tire surface
temperature is d (Ky (T )) /dT.  The measured results
for the cornering power are shown in Fig. 5.  The
results identified for d (Ky (T )) /dT are also shown.

As the value of d (Ky (T )) /dT at 1 degree is not same
as that at −1 degree, the value of d (Ky (T )) /dT is
averaged and the parameter    Cp /  T is calculated by
using the average value d (Ky (T )) /dT.

4.  Comparison of newly developed tire model
and test results

The simulation results of the new tire model were
compared with the measured data using an indoor
test facility. The test sequence is shown in Fig. 6.

The ambient temperature and the road surface
temperature were maintained at the same level
during measurement.  To change the tire surface
temperature, the angular velocity of the slip angle
was changed.

For the simulation, although not mentioned above,
the transient property of the side force was included
by considering the first order lag denoted by σ
(= 0.6 m), because the angular velocity of the slip
angle became rather high under certain conditions,
as shown in Fig. 6.

σ + VFy = VFy (α , T ) •  •  •  •  •  •  •  •  •  •  •  •  •  • (16)

The side force model under the nominal conditions
was created using the sequence indicated by the
dashed lines in Fig. 6.

The measured results for the tire side force and tire
surface temperature versus slip angle are shown in
Fig. 7, and the simulation results are as shown in
Fig. 8.  By comparing these figures, we can draw the
following conclusion.

The tendency of the side force change agrees very
well between the calculated and measured results,
that is, the drop in the side force at a large slip angle,
and the hysteresis of the side force as the slip angle
increases and decreases in a 40-second sequence.
Good agreement was also observed for the tire
surface temperature.

The above proves that the newly developed model
can produce results that are comparable with the test
results.
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Fig. 5 Measured result of cornering and tire surface
temperature and identified results of 
d (Ky (T)) /dT [Vertical load : 4600N].
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5.  Conclusions

We can summarize the findings of this study as
follows:

(1) A new tire side force model that takes the tire
surface temperature into consideration has been 
developed.

(2) Methods of deriving the parameters for the 
new tire model were proposed and measurements 
were made.

(3) The simulation results were compared with the 
measured results.  The results obtained for the
change in the tire side force and the surface temperature 
using the developed model agreed well with the 
measured values.
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Fig. 7 The measured results of tire characteristics with different slip angular velocity.
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Fig. 8 The simulation results of tire characteristics with different slip angular velocity.
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