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Estimation of the Tire Cornering Stiffness as a Road
Surface Classification Indicator Using

Understeering Characteristics
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Abstract—Real-time classification of road surface conditions is
very important for the control of a vehicle properly within its han-
dling limits. There have been numerous attempts to estimate the
road surface conditions, but there is a plenty of room for improve-
ment, since most of the estimation methods have some robustness
issues in real-world applications. The method proposed in this pa-
per utilizes the relationship between the road surface condition
and the tire cornering stiffness. Since the tire cornering stiffness
varies significantly depending on the road surface condition, it can
be estimated out of the tire cornering stiffness, which is measured
accurately at the early state of wheel slip. In this study, normal-
ized tire cornering stiffnesses are estimated in real time, exploiting
the fact that production vehicles are generally built to show some
understeering characteristics. The proposed method compares the
front and rear wheel slips simultaneously, unlike other studies that
focus on individual wheel slip. In this way, estimation of unmeasur-
able major vehicle states such as wheel sideslip angle and absolute
vehicle speed can be eliminated from the entire algorithm. The
experimental results show satisfactory estimates of less than 10%
error and confirm the feasibility of the proposed algorithm in pro-
duction vehicles without exotic extra sensors.

Index Terms—Tire-road friction coefficient, cornering stiffness,
understeering characteristics, linear tire model and sideslip angle.

I. INTRODUCTION

OVER the past few decades, a significant number of ve-
hicle chassis control systems have been developed to

provide sufficient assistance to drivers [1]–[3]. Among them,
electronic stability control (ESC) systems have been designed
to prevent the deviation of the current vehicle state from the
desired value, and this is especially true for the yaw rate [1].
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Given this benefit, the mandatory installation of ESC systems
has become more common in the automotive manufacturing in-
dustry. Often, in order to manage numerous types of driving
situations, the use of rule-based algorithms [4], [5] is becoming
more widely accepted, but a significant computational burden
is imposed. For this reason, several leading studies have fo-
cused on state feedback control methods with estimations of
major vehicle states, such as the tire-road friction coefficient
(TRFC) and/or the sideslip angle. With the assistance of these
estimations, control actions can be taken if a specified amount
of deviation from the current state is detected. However, this
type of control strategy has an important limitation in that esti-
mations of major vehicle states are typically difficult due to the
limited number of sensors in production vehicles. Although nu-
merous attempts have been made to estimate these states more
accurately, the performance outcomes remain controversial.

Several researchers have stated that well-known mathemati-
cal nonlinear tire models encompass major vehicle states, such
as the TRFC, sideslip angle, tire slip, and cornering stiffness.
Therefore, the TRFC can also be identified given that the other
parameters in the model are well expressed using affordable sen-
sors in production vehicles. However, as mentioned above, the
number of sensors in production vehicles are insufficient to ac-
curately measure or estimate all the parameters of conventional
tire models. In one area of research [6]–[10], inertial sensors or
minimal additional sensors were utilized while considering the
vehicle lateral dynamics in order to estimate the TRFC. Several
other studies have estimated the sideslip angle [11]–[13], which
can facilitate the expression of the lateral dynamic or mathemat-
ical tire model. It was also found to be useful to use the aligning
moment as an excitation signal to estimate the TRFC [14], [15].

A common problem with the aforementioned studies is that
the methods they present should satisfy the persistent excitation
(PE) condition [16]. That is, sufficiently rich excitation signals,
such as those associated with severe acceleration, deceleration,
and the wheel steering angle, should be provided consistently.
The classified TRFC can help a safety control system to pre-
dict reachable friction values in advance when the classification
process is completed within the linear region of the tire force
curve. Therefore, it is most desirable to classify the TRFC with a
small excitation signal. However, this is very difficult in practice,
which explains why the estimators developed thus far cannot be
implemented in production vehicles. Moreover, inaccuracies in
the estimated results, such as the sideslip angle at the interme-
diate level, can compound this problem.

This paper was motivated by longitudinal slip slope-based
estimation methods [17]–[20], which have been shown to be
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useable in production vehicles. In earlier work [17]–[19], it was
assumed that the TRFC could be represented by the longitudi-
nal tire stiffness, with emphasis placed on estimating the tire
stiffness in real time. However, the required accuracy level of
the tire slip information needed to use this method cannot be
obtained using currently equipped sensors in production vehi-
cles. In other work [20], however, TRFC estimation was realized
without measuring or estimating the tire slip. This was done by
using the braking characteristics of production vehicles.

Similar to earlier work [17]–[19], this paper is based on the
assumption that the TRFC can be ascertained by accurate esti-
mations of the tire cornering stiffness. Therefore, it is assumed
that the tire cornering stiffness can be distinguished according
to the road surface condition, as in the longitudinal slip slope-
based method [17]–[19]. As the basis for this claim, several
attempts have been made to employ the cornering stiffness to
classify the road surface condition [21]–[24]. However, the un-
measurable sideslip angle continues to complicate this task, and
most studies separately deal with the estimating sideslip an-
gle and the cornering stiffness. However, these two states are
closely related, and inaccurate sideslip angle information gives
an inaccurate cornering stiffness estimation result.

In order to resolve these technical shortcomings, a novel
method is developed in this paper, motivated by earlier work
[20] in which the necessity of the longitudinal tire slip informa-
tion was eliminated when estimating the longitudinal tire stiff-
ness by considering the braking characteristics of production
vehicles. Similar to the braking characteristics, all passenger
vehicles must be designed to have understeering characteristics
for safety reason. This means that the wheel sideslip angles at
the front wheels should always have a larger value than those
for the rear wheels [25]. These handling characteristics are uti-
lized to estimate the tire cornering stiffness, which is a core
contribution of this paper.

Also, this paper is based on the concrete fact that tire force is
proportional to the wheel sideslip angle within the linear region
of the tire force curve. Hence, a linear tire model is utilized.
From a practical standpoint, this is reasonable because safety
systems can be satisfactorily assisted by the TRFC, which is
classified within the linear region.

The rest of this paper is organized as follows. Section II
presents the models utilized in this paper and estimation strategy.
The performance of the developed algorithm is experimentally
verified in Section III, and the paper is concluded in Section IV.

II. TIRE CORNERING STIFFNESS ESTIMATION

A. Previous Approach

Fig. 1 presents an overview of a typical vehicle state estima-
tion approach which has been widely introduced in the literature.
The structure of the estimator can vary depending on the strate-
gies, but the overall flow diagram does not deviate much from
the figure above. The measured sensor signals are used to esti-
mate the unmeasurable vehicle states like wheel sideslip angle
and wheel longitudinal slip, and these estimates are substituted
into the mathematical vehicle and tire model to get the tire pa-
rameters. In general, the estimation parts and the modeling parts
are highly correlated, meaning that model-based estimators have
been widely introduced in the literature. In these estimation pro-
cesses, additional sensor signals are commonly used to measure
the states required for their algorithms. However, using extra

Fig. 1. Typical major vehicle state estimation approach.

sensors need to be avoided in consideration of better cost com-
petitiveness.

Furthermore, the estimation performances of the tire parame-
ters are significantly affected by inaccurate estimates of the tire
slip ratio and slip angle at the intermediate step. If a chassis
safety control system is designed based on these incorrect slip
ratio and slip angle information, a serious safety issues can be
occurred.

In this study, a simplified linear tire model is used since
there is no major difference between a linear tire model and a
nonlinear one within the linear region of the tire force curve.
It should be noted that nonlinear tire models such as the magic
formula, brush, and Dugoff tire models [26] are also formulated
based on the fact that the tire force is linear with a range of small
tire slip.

As noted earlier, it is desirable to classify the TRFC early
in the linear region. Therefore, this linear region is an area of
interest when estimating the TRFC. For this reason, a simplified
linear tire model is sufficient enough to replace the nonlinear
tire model. Accordingly, this paper employs a linear tire model.
The behavior of the vehicle beyond the linear region is beyond
the scope of the paper, but many of the previously developed
methods have considered in this region [6]–[9].

In order to resolve the aforementioned problems, this paper
presents a practice-oriented method motivated by earlier work
[17]–[20]. That is, this paper shares a major strategy with the
earlier studies, but it introduces a new way to eliminate the need
for individual wheel sideslip angle estimations.

B. Proposed Approach

Fig. 2 describes the overall architecture of the proposed
method. The primary difference that distinguishes Fig. 2 from
Fig. 1 is that the individual sideslip angle estimator is removed
in Fig. 2, and no extra sensor signals are used in Fig. 2. Note
that complicated processes such as individual wheel sideslip an-
gle estimations and identification of the vehicle weight are not
part of the proposed method. This is possible by exploiting the
understeering handling characteristics of production vehicles.
In addition, compensated lateral tire forces in consideration of
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Fig. 2. Overall architecture of the proposed method.

weight transfer are introduced in Section II-D. From a practical
perspective, implementing the proposed method in production
vehicles is more feasible compared to previous methods due to
the low computational effort and the low degree of dependence
on extra sensors or additional intermediate-level estimation pro-
cesses. The details are described in the following sections.

C. Vehicle Model

Since the method developed in this paper is based on the
average vehicle major states of the right and left wheels, a
bicycle model neglecting side-to-side weight shift is employed.
The equations of motion in this model can be written as follows
assuming a constant or slowly varying vehicle velocity [25],

β̇ =
Fyf + Fyr

mvx
− r (1)

ṙ =
lf Fyf − lrFyr

Iz
(2)

where β is the body sideslip angle, m is the vehicle gross weight,
vx is the vehicle velocity, r is the yaw rate, Iz is the yaw moment
of inertia, Fyf and Fyr are correspondingly the front and rear
axle lateral forces, and lf and lr are likewise the distances from
the center of gravity to the front and rear axles.

The linear dynamic tire forces are determined as follows,

Fyf ,dynamic = −Cf αf (3)

Fyr,dynamic = −Crαr (4)

where Cf and Cr are the front and rear cornering stiffnesses,
respectively, and αf and αr are the front and rear wheel sideslip
angles, respectively.

It should be noted that (3) and (4) are valid when the vehicle
is in the linear region of the tire force curve, which is the area
of interest of this study.

Substituting (3) and (4) into the bicycle model, the system
can be written in state-space form as ẋ = Ax + Bδf , where
x = [β r]T and where the following holds:

A =

[
−Cf +Cr

mvx

Cr lr −Cf lf
mvx

− 1

−Cr lr −Cf lf
Iz

−Cf l2
f +Cr l2

r

Iz

]

B =

[
Cf

mvx
Cf lf

Iz

]
(5)

In the simplified linear tire model of (3) and (4), the cornering
stiffness is a key parameter needed to determine the lateral tire
force accurately. Therefore, numerous efforts have been made
to estimate the cornering stiffness in real time. Variation of the
tire cornering stiffness according to the road surface condition
was confirmed in earlier work [21]–[24].

Fig. 3. Effects of a lateral load transfer on the resulting axle characteristics.

In general, the tire cornering stiffness for steady-state corner-
ing can be expressed with consideration of static normal forces
as follows [11], [26].

Cf = Cf 0 (μ) · Fzf ,static (6)

Cr = Cr0 (μ) · Fzr,static (7)

where Cf 0(μ) and Cr0(μ) are the front and rear normalized
cornering stiffnesses, which vary according to the road surface
friction; Fzf ,static and Fzr,static are the front and rear static
normal forces; and μ is the road surface friction coefficient

Because the bicycle model, unable to consider the left and
right wheels separately, is used, the tire cornering stiffnesses are
normalized relative to the static normal forces. In (6) and (7),
the normalized cornering stiffness varies based on the normal
force and the TRFC within the linear region, and the front and
rear wheels have nearly identical values if the vehicle is on
a homogeneous road surface; i.e., C0(μ) = Cf 0(μ) ≈ Cr0(μ),
forming the basis of this study. However, this is not always
valid because there are numerous other factors that affect the
magnitude of the tire cornering stiffness. Therefore, (6) and (7)
should be modified considering the lateral load transfer effect.

D. Lateral Load Transfer Effect

In (6) and (7), the static normal forces simply determined
by the weight distribution of the vehicle were used. In reality,
however, there are always lateral load transfers due to lateral
acceleration at the center of gravity. The magnitude of a load
transfer due to lateral acceleration is written as follows [27],

ΔFz = may
h

t
(8)

where ay is the lateral acceleration, h is the height of the center
of gravity, and t is the track width.

Considering the load transfer effect, the outer tire normal
force is calculated by adding (8) to the static normal force,
whereas the inner tire normal force is decreased by the amount
of (8). In general, the lateral tire force is significantly influenced
by these normal force variations [26]. As depicted in Fig. 3, the
magnitudes of the dynamic lateral tire forces, i.e., Fyf ,dynamic ,
Fyr,dynamic , are smaller than the static values without a lateral
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load transfer. That is, the affordable lateral tire force is reduced
due to the load transfer effect. Because the bicycle model, which
does not consider side-to-side weight shifting, is used in this pa-
per, the virtual static lateral tire forces, i.e., Fyf ,static , Fyr,static ,
corresponding to the static normal force is introduced.

Fig. 3 indicates that the transferred load amounts for the front
and rear tires differ, but (8) cannot provide a clear explanation
of this phenomenon, as the roll bar stiffness effect is not con-
sidered in (8). In general, a stiffer roll bar allows a larger lateral
load transfer, and Fig. 3 shows an example where the rear roll
bar stiffness is larger than that at the front. In the automotive
industry, the sum of front and rear roll stiffnesses is generally
constant, and the ratio between the front and rear axles is dis-
tributed. Fortunately, the stiffnesses of the front and rear roll bar
are tuned to have constant values which do not change unless
the roll bar is replaced. Therefore, if the load transfer amount is
determined by the lateral acceleration in (8), it can be assumed
that the front-to-rear distribution ratio of the roll stiffness is
always constant.

This paper assumes that the reduction in the lateral tire force
is mainly due to the lateral acceleration and roll bar stiffness
settings for the front and rear axles. However, constant values
for the roll bar stiffnesses are specified. Therefore, the following
correction factors can be introduced to determine the virtual
static lateral forces,

Fyf ,static = ηf (ay ) · Fyf ,dynamic (9)

Fyr,static = ηr (ay ) · Fyr,dynamic (10)

where ηf and ηr are the front and rear correction factors which
are the function of ay .

The introduced correction factors can be experimentally de-
termined and expressed in the form of a look-up table. This will
be described in Section II-E.

E. Linear Tire Model

The wheel sideslip angle for the front and rear wheels can be
written as follows [25],

αf = β +
lf
vx

r − δf (11)

αr = β − lr
vx

r (12)

where δf is the steered wheel angle.
Dividing (3) and (4) with normal forces leads to the following,

Fyf ,static

Fzf ,static
= −ηf (ay ) Cf

Fzf ,static
αf = −ηf (ay ) C0 (μ) αf (13)

Fyr,static

Fzr,static
= −ηr (ay ) Cr

Fzr,static
αr = −ηr (ay ) C0 (μ) αr (14)

These linear tire models for the front and rear wheels are uti-
lized in last block of Fig. 2. As mentioned, if the front and rear
wheels are assumed to follow the same road surface, the nor-
malized cornering stiffness is identical in each wheel. Therefore,
the estimated normalized cornering stiffness can be an indicator
with which to classify the road surface condition, as shown in
Fig. 4 [24], [28].

Fig. 4. Normalized lateral tire force curve: μH , μM , and μL are the high,
medium, and low tire–road friction coefficients, respectively.

F. Estimation Strategy

In this sub-section, a central part of this study is introduced.
It should be noted here that the proposed method makes three
major assumptions.

First, the front and rear tires are identical to each other, im-
plying that their normalized cornering stiffnesses are identical.
Second, the vehicle is traveling on a homogenous road surface
at a constant velocity. That is, all wheels experience the same
road surface condition. Finally, the vehicle does not have neutral
steering characteristics, which is true for production vehicles.

Note that the normalized cornering stiffness can easily be
determined from (13) and (14), as follows:

C0 (μ) = − 1
ηf (ay ) αf

· Fyf ,static

Fzf ,static
= − 1

ηr (ay ) αr
· Fyr,static

Fzr,static
(15)

Combining (1) and (2), the lateral tire force of each axle is
represented as shown below. These values can be calculated
easily using the vehicle inertial parameters and sensor signals.

Fyf ,dynamic =
mlray + Iz ṙ

lf + lr

Fyr,dynamic =
mlf ay − Iz ṙ

lf + lr
(16)

Furthermore, the static normal tire forces, which are constant,
can be calculated using the equation shown below.

Fzf ,static = mg
lr

lf + lr

Fzr,static = mg
lf

lf + lr
(17)

where g is the gravitational constant.
As compared to the sideslip angles, the normalized tire forces

can be estimated with relative ease.
Using (16) and (17), the normalized tire force can be ex-

pressed as follows:

Fyf ,static

Fzf ,static
= ηf (ay )

mlray + Iz ṙ

mglr

Fyr,static

Fzr,static
= ηr (ay )

mlf ay − Iz ṙ

mglf
(18)

Given that the yaw moment of the inertia is a function of the
vehicle mass, as in (19), the normalized forces estimated in (18)
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Fig. 5. Correction factor curve according to the lateral acceleration.

can be said to be free from the vehicle gross mass error,

Iz = mk̄2 (19)

Here, k̄2 is the radius of gyration, which is assumed to be
known.

The correction factors, i.e., ηf and ηr , are determined from
the lookup table in Fig. 5. The measured value of ay can be
used to obtain the correction factors corresponding to the front
and rear wheels. Fig. 5 can be predefined through experiments
involving a wide range of vehicle lateral acceleration levels.
Using the RT3100 device, which can measure the sideslip angle
accurately, Fig. 4 is established by compensation with (15).

That is, the open-loop calculations of (16) are compared with
the −Cf αf and −Crαr which are regarded as actual lateral
tire forces, and the dynamic forces of (16) are compensated by
the correction factors. In this process, the nominal values of Cf

and Cr in a specific road condition are utilized to calculate the
true lateral tire forces. As noted above, the roll stiffness of the
front and the rear axles is a fixed value; hence, a single well-
made experiment is sufficient to create the lookup table before
releasing the vehicle.

Although the calculated normalized tire forces describe the
actual values well, estimating the individual wheel sideslip an-
gles in (15) remains a challenge. Previously, numerous attempts
to obtain accurate sideslip values were reported, but there is little
agreement on the estimation performance outcomes. In this pa-
per, a novel method that is free from the effect of sideslip error is
proposed using the understeering characteristics of production
vehicles.

It is well recognized that most vehicles should be designed to
have understeering characteristics during steady-state cornering
[25]. That is, the value of the wheel sideslip angle at the front
wheel should be larger than those for the rear wheels, as depicted
in Fig. 6. If the wheel sideslip angles at the rear wheels reach
the saturation point first, the vehicle goes into oversteering area;
this is the most critical condition to be prevented. However,
understeering is the opposite of oversteering and is allowed to a
certain extent during actual driving. For this reason, production
vehicles are usually tuned to have understeering-biased handling
characteristics by adjusting the nominal front and rear cornering
stiffness and mass distribution values [25].

Once a driver begins to steer the vehicle, it is guaranteed that
there is a sideslip difference between the front and rear wheels
due to the abovementioned characteristics. Moreover, it is well
known that the normalized lateral tire force curve maintains a
linear trajectory with a small slip angle.

Fig. 6. Normalized lateral tire force curve: Fyf /Fzf and Fyr /Fzr are the
front and rear normalized forces.

Fig. 7. Comparison of the wheel sideslip difference with sine steering on dry
asphalt.

In addition, the difference in the sideslip angle between the
front and rear wheels can be calculated using (11) and (12):

αf − αr =
lf + lr

vx
r − δf (20)

This slip angle difference is exploited to replace the individ-
ual sideslip angle estimation in Fig. 1, as illustrated in overall
algorithm structure of Fig. 2.

As shown in Fig. 6, (15) can be expressed within a linear
region as follows,

C0 (μ) =
∣∣∣∣Fyf ,static/Fzf ,static − Fyr,static/Fzr,static

αf − αr

∣∣∣∣
=

|Fyf ,static/Fzf ,static − Fyr,static/Fzr,static |∣∣∣ lf + lr
vx

r − δf

∣∣∣ (21)

It can be observed in (21) that the proposed method is effective
if there is a slip angle difference between the front and rear
wheels. That is, (21) is always supported if the vehicle does
not exhibit neutral steering characteristics [25]. However, the
main purpose of TRFC classification is to provide an estimate
within the linear region where the vehicle exhibits understeering
characteristics. Therefore, the basic principle of this paper is
based on understeering characteristics.

It is important to note that the necessity of the sideslip estima-
tion is eliminated and that readily available signals in production
vehicles are sufficient to express the normalized cornering stiff-
ness in (21).

In order to verify these characteristics, experiments were con-
ducted using a production vehicle. Fig. 7 describes the compar-
ison of the measured αf − αr values with those calculated
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using the proposed method in (20) for sine steering input on dry
asphalt. The measured value was from RT3100, a high-accuracy
vehicle dynamic testing device; the results were obtained from
the measured signal as follows,

αf = tan−1

(
vy

vx
+

lf
vx

r

)
− δf , αr = tan−1

(
vy

vx
− lr

vx
r

)
(22)

where vx and vy are longitudinal and lateral velocity, respec-
tively, as obtained from RT3100 with high accuracy. As shown
in Fig. 7, it can be concluded that the value from the proposed
method is in very good agreement with the actual value.

In order to reduce the noise effect, the recursive least square
(RLS) algorithm is applied for the system y(t)θ(t) · φ(t). The
calculations at each step t are as follows [29],

Step 1: Measure or calculate the system output y(t) and re-
gression φ(t).

Step 2: Calculate the updated gain, K(t) and covariance
P (t), as

K (t) =
P (t − 1) φ (t)

λ + P (t − 1) φ2 (t)
(23)

P (t) =
1
λ

[
P (t − 1) − P 2 (t − 1) φ2 (t)

λ + P (t − 1) φ2 (t)

]
(24)

Step 3: Update the parameter estimate, as follows,

θ̂ (t)= θ̂ (t−1)+K (t)
{
y (t)−θ̂ (t−1) φ (t)

}
(25)

where

y = |Fyf ,static

Fzf ,static
− Fyr,static

Fzr,static
|, θ = C0(μ) and

φ = | lf − lr
vx

r − δf |.

The forgetting factor (λ) that is used to reduce the influence of
previous data is a function of the time derivative of the steering
wheel angle: λ(δ̇f ). In general, when the forgetting factor is
smaller, a faster convergence rate is guaranteed. However, severe
oscillation can be caused by a small λ. This tradeoff is used in
this paper.

As stated above, the TRFC should be estimated sufficiently
early because the ultimate goal of this study is to predict the
maximum reachable tire force with a small excitation signal.
When the vehicle is in a mild driving situation while the lateral
tire force remains in the linear region of the lateral tire force
curve, only a small value of the time derivative of steering wheel
angle is detected. At this time, a more accurate estimation of
the TRFC without fluctuation can be achieved by employing a
large value of the forgetting factor because a faster convergence
rate with a certain level of fluctuation of the estimated value is
not preferred in this situation.

In other words, there is sufficient time to approach the peak
point in the lateral tire force curve when the vehicle drives
mildly; therefore, a more accurate estimate is desirable in this
case.

However, the TRFC should be identified quickly with a small
value of the forgetting factor when the steering angle sensor
signal shows a large value of δ̇f . Because the vehicle may reach
the inherent limitation quickly in this maneuver, the forgetting

Fig. 8. (a) Test vehicle (compact SUV). (b) RT 3100 installed inside the
vehicle.

TABLE I
TEST VEHICLE AND TIRE MODEL SPECIFICATIONS

factor must be adjusted to a small value to allow a rapid change
of the estimated value.

III. EXPERIMENTAL RESULTS

A. Experimental Setup and A Priori Estimate

In order to confirm the performance of the proposed method,
experiments were conducted using a test vehicle on a proving
ground. The data was obtained using a CANBUS monitoring
system; the proposed algorithm was operated with a 200 Hz
sampling frequency, and no computational burden was found.

Fig. 8(a) is a photograph of the test vehicle, and Fig. 8(b)
describes the RT3100 installed inside the test vehicle. Also,
Table I gives the specifications of the test vehicle and the tire
models which are the same as those of a commercially available
vehicle. The true vehicle states, e.g., the vehicle lateral and
longitudinal speeds, were measured using the RT3100 device but
were unknown to the proposed algorithm. The experiments were
performed on two types of road surfaces: dry asphalt and packed
snow. Before verification of the proposed method, static a priori
values of the surface properties were obtained using (15). It
may be argued that the basis of the proposed algorithm becomes
invalid if the calculated normalized cornering stiffness at the
front and rear wheels have different values on the same road
surface. In order to avoid such criticism, open-loop calculations
of Cf 0 and Cr0 using the velocities measured by RT3100 were
conducted. In addition, Co calculated from (21) was obtained,
as depicted in Fig. 9.

That is, this test was designed to ensure that C0, Cf 0 and Cr0
had nearly identical values given that the vehicle was traveling
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Fig. 9. Sine steering results. (a) Calculated C0, Cf 0, and Cr 0 on dry asphalt.
(b) Calculated C0, Cf 0, and Cr 0 on packed snow.

on a homogenous surface. Moreover, the normalized cornering
stiffnesses should be distinguished on different road surfaces.

The sinusoidal driver steering input was generated and the
RLS algorithm was applied to (15) and (21) with a high forget-
ting factor, which can reduce the noise effect from the sensor
signals because the objective of this test was to make the static
a priori estimate of the surface properties and not to obtain
real-time information about the road surface properties.

As illustrated in Fig. 9(a), the values of Cf 0 and Cr0 on dry
asphalt converged to about 12 for both wheels and it was also
confirmed that the estimated value of the proposed method, i.e.,
C0, was identical to the values of Cf 0 and Cr0.

Therefore, it can be concluded that the proposed method
is promising because the obtained C0 is similar to Cr0(μH )
and Cf 0(μH ) on dry asphalt; this was proven, as described in
Fig. 9(a).

Similar to this test, the vehicle was driven on packed snow
with a sine steering maneuver in order to identify the properties
of the packed snow road surface. As illustrated in Fig. 9(b), the
identified values were about 2.5. Therefore, it can be concluded
that the obtained normalized cornering stiffnesses on different
road surfaces were sufficient to distinguish the TRFC, and the
basic principle of this paper is supported by these tests.

As illustrated in Fig. 10, a quantitative relationship between
Co and TRFC can be predefined by these tests for different road
surface conditions.

B. Test Results

The first test scenario was conducted on dry asphalt with a
light sine steering maneuver. Fig. 11(a) indicates that the driver
command reached approximately 50°, and it describes a light
turn during actual driving. The intent of this experiment was
to capture the observer performance, even if a small excitation
signal, e.g., δf , was given, which is the ultimate goal of the

Fig. 10. Quantitative relationship between normalized cornering stiffness and
TRFC.

Fig. 11. Light sine steering results on dry asphalt. (a) Steering wheel angle,
(b) velocity, (c) lateral acceleration, and (d) wheel sideslip angles and estimated
normalized cornering stiffness.

proposed method. The vehicle was accelerated to and main-
tained at a constant velocity of approximately 50 km/h, as de-
scribed in Fig. 11(b). This constant velocity implies that the lon-
gitudinal tire force contributed little to form the friction force.
Therefore, the longitudinal dynamic was ignored and only the
lateral acceleration was considered, as depicted in Fig. 11(c).
With the small excitation signal, the vehicle generated friction
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Fig. 12. Severe sine steering results on dry asphalt. (a) Steering wheel angle,
(b) velocity, (c) lateral acceleration, and (d) wheel sideslip angles and estimated
normalized cornering stiffness.

force of less than 0.4g, although the road surface could provide
up to 1g. This implies that information about the maximum
reachable friction force was not provided to the vehicle as the
acceleration was measured. However, the proposed method can
provide useful information with the identified normalized cor-
nering stiffness. As discussed above, the front wheel sideslip
angles increased more rapidly than those for the rear wheels due
to the understeering characteristics, as illustrated in Fig. 11(d).

Using these characteristics, the normalized cornering stiffness
value was found to be approximately 12, identical to that in
Fig. 9(a), and remained within the acceptable range (11–13) for
a dry asphalt. Furthermore, the convergence rate was fast enough
to estimate the TRFC in real time. As depicted in Fig. 11(d),
driver steering input was exerted at approximately t = 17 sec,
and the estimated C0 had already converged to the true value.
Unlike the results of Fig. 9(a), a small value of the forgetting
factor was applied to obtain fast convergence result. Therefore,
a certain amount of fluctuation was inevitable.

In order to filter the estimation results, some threshold settings
were specified. For example, the algorithm begins to stop when
the (20) exhibits a small sideslip angle difference because a
very small excitation signal, i.e., |αf − αr |, can cause some
divergence. Once the TRFC is determined by the appropriate
amount of excitation signal, the normalized forces, i.e., μf ,
μr , are also monitored in real time to hold the results to the
estimates of the previous step when the vehicle is about to enter
the nonlinear region of the tire force curve. This is because only
linear region is the area of interest.

Fig. 13. Double lane change on dry asphalt. (a) Steering wheel angle,
(b) velocity, (c) lateral acceleration, and (d) wheel sideslip angles and estimated
normalized cornering stiffness.

Similarly to the first test scenario, the vehicle was maneu-
vered on flat dry asphalt. However, the steering command was
increased significantly. The measured steering wheel angle in
Fig. 12(a) describes a conventional slalom test, and the maxi-
mum value was approximately 100°. The vehicle velocity was
also increased, as described in Fig. 12(b), and a certain level of
variation in the velocity was observed. However, this situation
did not require modification of the algorithm because the vehicle
velocity varied slowly. Therefore, the proposed method remains
effective unless brake force is exerted. It would be interesting
to consider the combined effects of the longitudinal and lateral
dynamics in this research, but this is beyond the scope of this
study.

The increased steering wheel angle resulted in an increase
in the lateral acceleration, as depicted in Fig. 12(c). It can be
interpreted that the tire force nearly reached its saturation point.
However, the vehicle did not become unstable due to an appro-
priate counter-steering maneuver. As expected, the identified
values of the normalized cornering stiffness in Fig. 12(d), i.e.,
approximately 12, can describe the dry asphalt surface very
well, and this corresponds to the static a priori estimation value
in Fig. 9(a).

To verify the effectiveness of the specified thresholds, a more
severe steering input was applied, as shown in Fig. 13(a). This
is the input of the double lane change (DLC) test designed
to confirm the lateral stability of vehicle. Since the steering
wheel increased rapidly enough to reach the nonlinear region,
the algorithm maintains the estimated value while the vehicle
is in the nonlinear region or very small sideslip region. Due to

Authorized licensed use limited to: Korea Advanced Inst of Science & Tech - KAIST. Downloaded on March 06,2020 at 10:35:29 UTC from IEEE Xplore.  Restrictions apply. 



HAN et al.: ESTIMATION OF THE TIRE CORNERING STIFFNESS AS A ROAD SURFACE CLASSIFICATION INDICATOR 6859

Fig. 14. Sine steering results on packed snow. (a) Steering wheel angle,
(b) velocity, (c) lateral acceleration, (d) wheel sideslip angles, and (e) estimated
normalized cornering stiffness.

this maneuver, the larger wheel sideslip angles greater than the
those of the previous tests were observed in Fig. 13(d).

Fig. 13(d) shows that the estimation process was completed
with an appropriate amount of excitation signal, and was of-
ten maintained at the previous value by discarding the signals
that exceeded the specified thresholds. Therefore, it can be con-
cluded that the specified thresholds performed the signal pro-
cessing appropriately.

In the fourth test, the behavior of the vehicle on a packed snow
road surface was investigated. As defined above, the normalized
cornering stiffness on this road surface was significantly lower
than those for asphalt. In order to verify these road properties,
steering input was conducted, as illustrated in Fig. 14(a). In
this test, several lane changes were included. The front wheel
sideslip angle in Fig. 14(d) increased faster than that of the rear
as in the dry asphalt. Fig. 14(b) presents the velocity, and the
lateral acceleration was limited by the road surface properties,
as depicted in Fig. 14(c).

Although a larger sideslip angles of Fig. 14(d) occurred com-
pared to those of dry asphalt due to the severe maneuver, a
smaller lateral acceleration was generated due to the reduced
road friction coefficient. In general, it is well known that a sur-
face such as that in this test provides a value of μ in a range
of 0.3–0.4. As depicted in Fig. 14(c), the test vehicle nearly
reached the physical boundary. Note that the proposed algo-
rithm was suspended when the tires went into the nonlinear

Fig. 15. Severe sine steering results on packed snow. (a) Steering wheel angle,
(b) velocity, (c) lateral acceleration, (d) wheel sideslip angles, and (e) estimated
normalized cornering stiffness.

area in the lateral tire force curve because the basic principle of
this paper becomes invalid if linearity is not guaranteed. There-
fore, a threshold was set to judge the linearity, and the identified
value was assumed to be the normalized cornering stiffness. The
identified value, i.e., approximately 2.5, corresponds to that in
Fig. 9(b).

Fig. 15 describes an experiment results with severe sine steer-
ing on packed snow, and it exhibited a pattern similar to that
in Fig. 14. Because the test was performed on the same road
surface using the same test vehicle, the estimated normalized
cornering stiffness in Fig. 15(e) had a value that was nearly
identical to that in Fig. 14(e). However, the algorithm was fre-
quently suspended due to the severe excitation signal, which
was reasonable when considering the goal of this paper.

In summary, although some fluctuations were observed in all
test results, it was possible to distinguish dry asphalt and packed
snow road surfaces using the proposed method. Therefore, it is
anticipated that different types of TRFC can be determined in
real-time by constructing the C0 and μ to look-up table for a
target vehicle. In this way, the identified C0 can correspond to
the value of the assigned μ in the constructed look-up table.

IV. CONCLUSION

This paper presented a novel strategy for classifying the
TRFC without additional intermediate level estimations. The
core principle of the proposed method is that most production
vehicles are designed to have understeering characteristics for
safety reasons. Using the developed algorithm, a more active
chassis control system that utilizes the maximum road surface
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properties is anticipated. In summary, it is concluded that the
proposed method can be an indicator with which to classify the
TRFC without estimating or measuring the sideslip angle. This
is the major contribution of this paper. The test results reveal
that the developed indicator is a promising tool, alongside more
practice-oriented aspects. Regarding price competiveness, it was
demonstrated that the proposed algorithm could be implemented
in a production vehicle without extra costs. In addition, it is ex-
pected that the developed algorithm can be used for autonomous
vehicle technologies because the road surface environments
needs to be monitored in real-time in high level of driving
automation.

REFERENCES

[1] M. Choi and S. B. Choi, “Model predictive control for vehicle yaw sta-
bility with practical concerns,” IEEE Trans. Veh. Technol., vol. 63, no. 8,
pp. 3539–3548, Oct. 2014.

[2] K. Han, M. Choi, B. Lee, and S. B. Choi, “Development of a traction
control system using a special type of sliding mode controller for hybrid
4WD vehicles,” IEEE Trans. Veh. Technol., vol. 67, no. 1, pp. 264–274,
Jan. 2018.

[3] A. Patil, D. Ginoya, P. Shendge, and S. Phadke, “Uncertainty-estimation-
based approach to antilock braking systems,” IEEE Trans. Veh. Technol.,
vol. 65, no. 3, pp. 1171–1185, Mar. 2016.

[4] C. Geng, L. Mostefai, M. Denaı̈, and Y. Hori, “Direct yaw-moment control
of an in-wheel-motored electric vehicle based on body slip angle fuzzy
observer,” IEEE Trans. Ind. Electron., vol. 56, no. 5, pp. 1411–1419,
May 2009.
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