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Real-Time Individual Tire Force Estimation
for an All-Wheel Drive Vehicle

Hojin Jung and Seibum B. Choi, Member, IEEE

xAbstract—Due to demands for active control systems that can
enhance driving performance, active-type all-wheel drive (AWD)
systems have drawn interest recently. Equipped with an electron-
ically actuated motor to control a wet clutch in a transfer case,
the active-type AWD facilitates the variable distribution of torque
from the main driveshaft to the subdriveshaft. The conventional
approaches to the estimation of tire force, developed to implement
chassis control, have only focused on the two-wheel drive vehicle
dynamics model. In this paper, an individual tire force estima-
tion algorithm that is particularly designed for AWD vehicles is
proposed. Using the interacting multiple model filter method, the
suggested algorithm can help avoid the chattering response caused
by immediately switching between vehicle dynamic models. Data
obtained from the controller area network of production vehicles
were used for the real-time application of the proposed estimator to
chassis control. Then, the proposed estimator was validated using
an AWD vehicle in various driving scenarios.

Index Terms—All-wheel drive (AWD), discrete-time extended
Kalman filter (EKF), interacting multiple model (IMM) filter, pa-
rameter adaptation, vehicle dynamics model.

I. INTRODUCTION

IN CONTRADISTINCTION to two-wheel drive (2WD) ve-
hicles, all-wheel drive (AWD) vehicles allow the distribution

of the driving torque generated by the engine to both the front
and rear wheels by attaching a transfer case at the transmission
output shaft. Recently, the number of vehicles with AWD sys-
tems installed has increased, even for on-road vehicles, because
2WD can allow excessive slip during the generation of tire-road
traction force due to increases in engine power and drivetrain ef-
ficiency. The electronically actuated AWD system discussed in
this paper differs from a passive-type AWD, because it controls
the amount of driving torque distributed to the sub-driveshaft by
changing the engagement force of the wet clutch in the transfer
case.
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The control algorithms that govern the operation of the vehi-
cles active safety technologies, e.g., the anti-lock braking sys-
tem, electronic stability control, active front steering, and roll
stability control, use data on the vehicles states, primarily of
longitudinal velocity, sideslip angle, and tire force [1]–[3]. In
particular, the tire force can be a critical state for the performance
enhancement of vehicle control systems [4]–[9]. Although there
have been numerous approaches to estimating vehicle states and
tire forces, most of them are applicable only to 2WD vehicle dy-
namics. Because 2WD and AWD vehicles have different drive-
train structures, it is necessary to design an idiosyncratic vehicle
state estimator that is applicable to AWD vehicles.

Previous studies of tire force estimation can be classified into
two approaches. One estimated the tire force only through in-
vehicle sensors but not independently at each wheel. The other
involved the estimation of tire force using additional sensors.
In [10], an estimator for vehicle planar motion states and tire
force was suggested using the extended Kalman filter (EKF) by
expressing the force state in second-order random walk Kalman
filter form. However, this estimator was limited because it did
not estimate the individual tire force and had a computational
burden due to its use of a high-order model. In [11], an algorithm
for estimating tire-road forces and friction coefficient was pro-
posed using a single-track model and the Burckhardt/Kiencke
adaptive tire model, but the tire forces could not be estimated
independently due to its simple structure. Moreover, the braking
condition was not included in this suggested estimator. In [12],
a random walk Kalman filter that considered the combined tire
force was proposed. Unfortunately, this estimator is vulnerable
to sensor noise, because it requires the derivative value of the
wheel angular velocity signal. In [13], a tire force estimator for
road friction coefficient identification was suggested using the
discrete-time EKF. However, this method could not estimate the
individual lateral tire force, because it separated the tire model
for the road friction estimation from the vehicle dynamics model
for the vehicle states estimation. In [14], a sliding-mode ob-
server scheme for tire force estimation was proposed. Although
this study showed better performance than the other filters, the
algorithm assumed no braking torque to satisfy the asymptotic
stability criteria.

Regarding tire force estimation using in-vehicle sensors, var-
ious studies have attempted to enhance understanding about
vehicle states. However, information about the vehicle states
was limited, because only in-vehicle sensors were used. This
approach had limitations on enhancing the accuracy of the esti-
mator and on estimating more detailed vehicle states than those
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of the previously discussed studies. For these reasons, another
type of study, which estimated vehicle states in detail by in-
stalling additional sensors, was conducted. In [15], an estimator
of vehicle motion states and tire force was suggested using
the vehicle model combined with the Dugoff tire model; es-
timator validation was conducted in real time. Although it is
meaningful that a method for estimating the independent tire
force at each wheel was suggested, the estimation accuracy re-
lied on a complex tire model that included trigonometric terms
with predetermined tire parameters. Furthermore, the ability to
mount in the electronic control unit (ECU) was not sufficiently
considered due to the integration of all equations in a single
state-space form. In [16], an estimator for vehicle planar mo-
tion states, roll angle, tire force, and tire parameters using the
EKF was suggested. As this algorithm did not consider esti-
mating the vehicle motion states without additional measure-
ments, it was inadequate to apply to a vehicle control system
in real time.

A second approach expanded the understanding of tire force
but suffered from the limitation that it requires additional sen-
sors for estimation. Requiring additional sensors implies that
it could not be applied to production vehicles. In [17], a real-
time independent tire force estimation strategy at each wheel
was suggested and validated using both the EKF and the un-
scented Kalman filter (UKF). Although the method suggested
was practical, because it did not require additional sensors nor
the compensation for the uncertainty of the tire parameters, the
transient estimation response for the lateral tire forces at each
wheel was unacceptable due to the omission of the tire model.
Moreover, the estimator was validated using only one scenario.
Therefore, this paper suggests a novel method of real-time lon-
gitudinal and lateral tire force estimation at each wheel for an
AWD vehicle based on the planar full car model. Two distinctive
aspects of this study are that it applies a preliminary estimator of
the vehicle sideslip angle while calculating the vehicles lateral
velocity state and that it simplifies the steady tire model that
can not only represent nonlinear tire characteristics based on
lateral load transfer, but that is also suitable for on-board ap-
plication. In addition, several effective algorithms were applied
in this study to consider the parameter uncertainty and intrin-
sic hardware characteristic of the transfer case. First, this study
suggests an adaptive method for reducing the uncertainty of the
clutch friction coefficient, which should be considered, because
it changes depending on the inner conditions of the clutch, such
as oil temperature and engagement force. Secondly, a novel
method for AWD tire force estimation, which reflects the clutch
lock-up and slipping states simultaneously, is suggested, using
the interacting multiple model (IMM) method. For the studies
of clutch systems with one output shaft, the current state of the
clutch has been determined using the relative angular velocity
and transmitted torque [18], [19]. By contrast, it is difficult to
determine whether an AWD clutch is in a lock-up or slipping
state, as it has a two-output shaft, i.e., the allowable transferred
torque can change depending on external factors, e.g., the engine
torque, the difference between the front and rear final reduction
gear ratios, and the front and rear wheel vertical loads. To deal
with the aforementioned problem, this study adopted the IMM

Fig. 1. Model for AWD vehicle states estimation. (a) Full car dynamic model.
(b) Drivetrain structure of the test vehicle.

filter, which calculates the estimated value by using the weighted
probability of two different dynamic models [24]–[26].

The organization of this paper is as follows. The vehicle
dynamic equations for the estimator design are described in
Section II. Section III suggests sideslip angle observer and clutch
friction coefficient adaptation algorithm working separately at
the upper part of the tire force estimator. Section IV describes
the method of IMM filter based tire force estimation for AWD
vehicle. Section V explains experimental setup of the test vehi-
cle. Then, Section VI provides experimental results to validate
the advantages of the developed estimator.

II. VEHICLE MODELS

Although an AWD system cannot distribute the driving torque
independently to each wheel, information on the individual tire
forces is important not only for advanced AWD controllers but
also for integrated chassis controller design. Fig. 1(a) illustrates
the planar vehicle model that includes several vehicle motion
states and tire forces. Following the information in Fig. 1(a), the
governing equations of motion are as follows:

mv̇x = Fx1 cos(δ1) + Fx2 cos(δ2) − Fy1 sin(δ1)

− Fy2 sin(δ2) +Fx3 +Fx4 − ρair

2
CdAv2

x +mvyγ (1)

mv̇y = Fx1 sin(δ1) + Fx2 sin(δ2) + Fy1 cos(δ1)

+ Fy2 cos(δ2) + Fy3 + Fy4 − mvxγ (2)

Iz γ̇ = lf
{
Fx1 sin(δ1) + Fx2 sin(δ2) + Fy1 cos(δ1)

+ Fy2 cos(δ2)
}

+ tw
{−Fx1 cos(δ1)

+ Fx2 cos(δ2) + Fy1 sin(δ1) − Fy2 sin(δ2)

− Fx3 + Fx4
} − lr (Fy3 + Fy4) (3)

where vx, vy , and γ are the longitudinal velocity, lateral velocity,
and yaw rate, respectively, at the vehicle’s center of gravity (CG).
Fx, Fy , δ, ρair , Cd,A, tw , lf , lr ,m, and Iz are the longitudinal
tire force, lateral tire force, wheel steering angle, density of air,
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aerodynamic drag coefficient, front cross-sectional area, half
of track width, distance from front axle to the vehicle’s CG,
distance from rear axle to the vehicle’s CG, total vehicle mass,
and vehicle yaw inertia, respectively.

A. AWD Wheel Dynamics Model Set

1) Slipping State: When the transfer case clutch is in the
slipping state, the AWD system can actively control the amount
of torque transferred to the front shaft through adjusting the
engagement force. Referring to the wheel dynamic model pre-
sented in [21], the dynamic equation of motion for the wheel
can be modified as follows:

Iw ω̇i = rcFcμc
if
2

− Tbi − ReFxi − ReRrFzi, i = 1, 2 (4)

Iw ω̇i = (Tt − rcFcμc)
ir
2
− Tbi − ReFxi − ReRrFzi

i = 3, 4 (5)

where ωi, Tt , if , ir , Tbi , Rri , and Fzi are the wheel angular ve-
locity at each wheel; transmission output torque, which can be
obtained easily from the CAN signal of the engine torque and
gear ratio; front final reduction gear ratio; rear final reduction
gear ratio; braking torque; rolling resistance; and vertical load
at each wheel, respectively. Iw and Re are the wheel moment of
inertia and effective wheel radius, respectively.

2) Lock-Up State: When the transfer case clutch is in the
lock-up state, the AWD system cannot actively control the
amount of torque transferred to the front shaft. This means that
the front to rear torque distribution ratio is determined not by the
clutch engagement force but by the external conditions. Then,
the dynamic equation of motion for the wheel is expressed as
follows:

Iw ω̇i =
Tf

2
if − Tbi − ReFxi − ReRrFzi, i = 1, 2 (6)

Iw ω̇i =
Tr

2
ir − Tbi − ReFxi − ReRrFzi, i = 3, 4 (7)

where Tf and Tr are the front shaft torque and rear shaft torque
respectively. The sum of both is equal to Tt .

B. Tire-Road Relation Model to Integrate Vehicle Dynamics

1) Steady Tire Model: Among several tire-road relation
models in previous studies, the Dugoff tire model has been
mostly adopted to estimate individual tire lateral force. Although
the Dugoff model is quite simple compared to other tire models,
it is still not appropriate for tire force estimation in real time due
to a trigonometric function term in the model. Also, this model
includes both cornering stiffness and road friction coefficient
parameters that must be identified in advance. Generally, the
main reason to include the tire model in the vehicle dynamics is
to consider the nonlinear tire effect caused by both the vertical
load transfer and vehicle sideslip angle. However, the augmen-
tation of cornering stiffness as a state can cause a computational
burden in the estimator [14]. This paper suggests the applica-
tion of a simple tire model that addresses the nonlinear effect in
the vehicle dynamics to avoid all of the above drawbacks. The

Fig. 2. Bicycle model.

modified lateral tire force model is described as follows:

F̄y = C1

(
1 + k1

Fzi − Fzi,n

Fzi,n

)
α

+ C2

(
1 + k2

Fzi − Fzi,n

Fzi,n

)
α2 (8)

where F̄y is the lateral tire force in the steady-state, C1 is the
cornering stiffness and C2 is the auxiliary cornering stiffness.
k1 and k2 are adjustment factors. Fzi,n is the nominal vertical
load without including both the longitudinal and lateral acceler-
ation effects. In this study, Fzi is calculated using the equation
presented in [16].

2) Dynamic Tire Model: A first-order dynamic model can
be applied as follows, to address the lagging behavior of the tire
force generation:

σ

vx
Ḟyi + Fyi = F̄y i , i = 1, 2, 3, 4. (9)

Here, σ is the relaxation length, which consists of two tire
parameters. It can be expressed as follows:

σ =
Cα

KL
(10)

where Cα is the same as C1 in (8) and KL is the lateral stiffness.

III. PRELIMINARY ESTIMATOR

A. Vehicle Sideslip Angle Estimation Based on Bicycle Model

The vehicle sideslip angle value must be obtained to inte-
grate the tire-road relation model in vehicle dynamics. Previous
studies of tire force estimation assumed that the sideslip angle
could be estimated by adding a vehicle velocity sensor in the
heading direction [11], [15] or measured by adding a lateral
velocity sensor [16]. However, to apply the developed estima-
tor in the real-time chassis controller of a production vehicle,
the sideslip angle should be estimated using only in-vehicle
sensors. To deal with the aforementioned problem, a bicycle-
model-based sideslip angle observer, that demonstrates robust
performance toward sensor noise was applied independently as
a measurement of the vehicle dynamic model for the tire force
estimation.

Based on the bicycle model given in Fig. 2, the following
state-space form is obtained:

ẋ = Ax + Bu, y = Cx + Du (11)
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Fig. 3. Variation of clutch static friction coefficient depending on engagement
force and temperature.

where

x =
[

β
γ

]
, y =

[
γ
ay

]
, u = δf

A =

⎡

⎣
− 2(Cf +Cr )

mvx

−2(Cf lf −Cr lr )
mv 2

x
− 1

−2(Cf lf −Cr lr )
Iz

−2(Cf l2
f +Cr l2

r )
Iz vx

⎤

⎦, B =

[ 2Cf

mvx

2Cf lf
Iz

]

C =

[
0 1

−2(Cf +Cr )
m

−2(Cf lf −Cr lr )
mvx

]

, D =

[
0

2Cf

m

]

Here, Cf and Cr denote the front and rear cornering stiffness,
respectively. δf is the front wheel steering angle. Then, the
bicycle-model-based observer is designed as follows:

˙̂x = Ax̂ + Bu + K(y − ŷ). (12)

By using the pole-placement method, i.e., allowing the char-
acteristic equation of observation error dynamics to have the
multiple root po , the observer gain matrix K is determined as
follows [22]:

K =

⎡

⎣
Iz (Cf lf −Cr lr )
2Cf Cr (lf + lr ) p2

o − 1 1
vx

2po
m (Cf l2

f +Cr l2
r )

Iz (Cf lf −Cr lr )

⎤

⎦ (13)

where po is a positive constant. The elements of matrix K that
have variable denominators are set to switch zero to avoid an
undefined condition.

B. Transfer Case Clutch Friction Coefficient Adaptation

Compared with a dry clutch, the wet clutch friction coeffi-
cient changes significantly depending on the operating condi-
tions, i.e., temperature and engagement force. Fig. 3 shows the
variation in the clutch static friction coefficient of a commercial
transfer case; these data were obtained from an SAE J1646 test
[20]. However, the exact value of the clutch friction coefficient
cannot be identified in the ECU because a temperature sensor
is not built into the transfer case. Therefore, real-time estima-
tion of the clutch friction coefficient is necessary to improve the
estimation performance. Among the several approaches to esti-
mating this model parameter in real time, the adaptation method
was adopted in this paper because it guarantees asymptotical
stability when certain conditions are met.

If the transfer case clutch is not fully engaged, the front shaft
wheel dynamic equation is described as follows:

Iw (ω̇1 + ω̇2) = (μc,n + ξα )rcFcif

− Re (Fx1 + Fx2) − ReRr (Fz1 + Fz2)
(14)

where μc,n is the nominal friction coefficient of the transfer case
wet clutch, if is the front final reduction gear ratio, rc is the
effective radius of the clutch pad, Fc is the clutch engagement
force, and ξα is the uncertainty of the clutch friction coefficient
which is compensated through adaptation.

From the intuition that the longitudinal acceleration force is
determined by the ratio of the front to rear vertical load, (14)
can be edited as follows:

rcFcif ξα = Iw (ω̇1 + ω̇2) − μc,n rcFcif

+ Remax
(Fz1 + Fz2)

Fz
+ ReRr (Fz1 + Fz2) = z. (15)

Using the gradient method [23], the adaptation form to estimate
parameter uncertainty is designed as follows:

˙̂
ξα =

γα (z − φξ̂α )
1 + nαφ2

φ (16)

where γα is the adaptation gain, nα is the normalizing gain, and
φ is the regressor defined as follows:

φ = rcFcif . (17)

IV. ESTIMATOR DESIGN

In this section, the estimator of the vehicle states and the tire
force is proposed and validated experimentally. When a vehi-
cle is on a homogenous surface while the transfer case is in a
lock-up state, the torque is distributed depending only on the
ratio of vertical load. However, when the transfer case is in a
slipping state, maximum allowable torque is upper-bounded by
transmission output torque. The IMM filter presented in this
section deals with these situations. Under a situation that is
governed by several dynamic models, the performance of the
estimator using an IMM filter can be improved compared with
that using a single model (SM). Applying the model probability
which is obtained based on a stochastic in filtering process as a
weighting factor, the IMM filter integrates the estimation results
of each model. Also, the IMM filter can contribute to improv-
ing estimation performance in various road conditions, driving
scenarios, and varying clutch engagement conditions because
it can decrease the instability caused by the immediate switch-
over between the estimator’s dynamic models. The nonlinear
state-space equation of each model and the output equation can
be expressed as follows:

ẋ(t) = fi (x(t),u(t)) + w(t)

y(t) = h (x(t),u(t)) + n(t). (18)

The state vector x(t) consists of the longitudinal velocity, the
lateral velocity, the yaw rate, the four wheel angular velocities,
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and the tire forces:

x(t) =
[
vx, vy , γ,ω[1×4],F[1×8]

]T

= [x1, x2, . . . , x15]
T . (19)

Here, ω[1×4] and F[1×8] are the wheel angular velocity vector
and the tire force vector, respectively:

ω[1×4] = [ω1, ω2, ω3, ω4] (20)

F[1×8] = [Fx1, Fx2, Fx3, Fx4, Fy1, Fy2, Fy3, Fy4] . (21)

The process and measurement noise vectors, w(t) and n(t), are
assumed to be zero mean, white, and uncorrelated.

The input vector u(t) consists of the front wheel steering
angle and the transfer case engagement force, i.e.,

u(t) = [δf , Fc ]
T = [u1, u2]

T . (22)

The measurements are:

y(t) =
[
vx, vy , ax , ay , γ,ω[1×4]

]T
. (23)

Front wheel angular velocities were used as the measured values
of vx , and the sideslip angle obtained from the bicycle-model-
based observer (see Section III-A) was used as measured value
of vy . The particular function fi of each model and observation
function h can be expressed as follows:

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

f 1
1 =

1
m

{
(x8 + x9) cos(u1) − (x12 + x13) sin(u1)

+x10 + x11 − 1
2
ρairCdAx2

1

}
+ x2x3

f 1
2 =

1
m

{
(x8 + x9) sin(u1) + (x12 + x13) cos(u1)

+x14 + x15
} − x1x3

f 1
3 =

1
Iz

[
lf {(x8 + x9) sin(u1) + (x12 + x13) cos(u1)}

+ tw{(−x8 + x9) cos(u1) + (x12 − x13) sin(u1)

−x10 + x11} − lr (x14 + x15)
]

f 1
4 =

1
Iw

{(
lr
L

− axhcg

gL

)
Ttif

2
− Tb1 −Re (x8 −RrFz1)

}

f 1
5 =

1
Iw

{(
lr
L

− axhcg

gL

)
Ttif

2
− Tb2 −Re (x9 −RrFz2)

}

f 1
6 =

1
Iw

{(
lf
L

+
axhcg

gL

)
Ttir

2
− Tb3 −Re (x10 −RrFz3)

}

f 1
7 =

1
Iw

{(
lf
L

+
axhcg

gL

)
Ttir

2
− Tb4 −Re (x11 −RrFz4)

}

f 1
8 = 0, f 1

9 = 0, f 1
10 = 0, f 1

11 = 0

f 1
12 =

x1

σ

(−x12 + F̄y1
)
, f 1

13 =
x1

σ

(−x13 + F̄y2
)

f 1
14 =

x1

σ

(−x14 + F̄y3
)
, f 1

15 =
x1

σ

(−x15 + F̄y4
)

(24)

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

f 2
1 =

1
m

{
(x8 + x9) cos(u1) − (x12 + x13) sin(u1)

+x10 + x11 − 1
2
ρairCdAx2

1

}
+ x2x3

f 2
2 =

1
m

{
(x8 + x9) sin(u1) + (x12 + x13) cos(u1)

+x14 + x15
} − x1x3

f 1
3 =

1
Iz

[
lf {(x8 + x9) sin(u1) + (x12 + x13) cos(u1)}

+ tw{(−x8 + x9) cos(u1) + (x12 − x13) sin(u1)

−x10 + x11} − lr (x14 + x15)
]

f 2
4 =

1
Iw

(
μcrcu2

if
2

− Tb1 − Rex8 − ReRrFz1

)

f 2
5 =

1
Iw

(
μcrcu2

if
2

− Tb2 − Rex9 − ReRrFz2

)

f 2
6 =

1
Iw

{
(Tt − μcrcu2)

ir
2
− Tb3 − Rex10 − ReRrFz3

}

f 2
7 =

1
Iw

{
(Tt − μcrcu2)

ir
2
− Tb4 − Rex11 − ReRrFz4

}

f 1
8 = 0, f 1

9 = 0, f 1
10 = 0, f 1

11 = 0

f 1
12 =

x1

σ

(−x12 + F̄y1
)
, f 1

13 =
x1

σ

(−x13 + F̄y2
)

f 1
14 =

x1

σ

(−x14 + F̄y3
)
, f 1

15 =
x1

σ

(−x15 + F̄y4
)

(25)
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

h1 = x1, h2 = x2

h3 =
1
m

{
(x8 + x9) cos(u1) − (x12 + x13) sin(u1)

+ x10 + x11 − 1
2
ρairCdAx2

1

}

h4 =
1
m

{(x8 + x9) sin(u1) + (x12 + x13) cos(u1)

+ x14 + x15}
h5 = x3, h6 = x4, h7 = x5, h8 = x6, h9 = x7.

(26)

Superscript 1 implies the lock-up model and 2, the slipping
model. The front wheel steering angles are assumed to be equal
(δ1 = δ2 = δf ). The IMM filter is divided into four parts: in-
teracting, filtering, model probability updating and estimation
fusion [24]–[26], which are respectively discussed in the fol-
lowing subsections:

A. Interacting

With the values of the associated state vector, probability,
and covariance of each model from the previous step, the IMM
filter computes the mixed values for the filter. First, the mixed
probability is obtained as follows:

p̄i
k =

2∑

j=1

Hij p̂
j
k−1, i = 1, 2 (27)
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where Hij is the probability transition matrix indicating the
probability that the vehicle dynamics model will transition from
model j to i. The index number 1 indicates the lock-up model
and 2 the slipping model. Considering the amount of clutch
engagement force and relative slip mathematically, the equation
of the probability transition matrix can be expressed as:

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

H11 = max
(

0.91 + 0.09rl − max
(

dω − 2
2

, 0

)
, 0

)

H12 = 0.01 + 0.05rl

H21 = min
(

0.09 − 0.09rl + max
(

dω − 2
2

, 0

)
, 1

)

H22 = 0.99 − 0.05rl

(28)
where rl is the lock-up ratio and dω is the relative angular
velocity between the front and rear shafts. These are defined as:

rl = min

⎡

⎣1,
μcrcFc(

lr
L − ax hc g

gL

)
Tt

⎤

⎦ (29)

dω =
(ω3 + ω4)

2ir
− (ω1 + ω2)

2if
(30)

where L and hcg are wheelbase length and height from the
ground to the vehicle’s CG, respectively. ax and g are the lon-
gitudinal and gravitational acceleration, respectively. With the
value of the mixed probability, the initial mixed state vector and
the covariance of each model are:

x̄i
k−1 =

2∑

j=1

Hij p̂
j
k−1x̂

j
k−1/p̄i

k (31)

P̄ i
k−1 =

2∑

j=1

Hij p̂
j
k−1

[
P̂ j

k−1 + (x̂j
k−1 − x̄i

k−1)

× (x̂j
k−1 − x̄i

k−1)
T
]
/p̄i

k . (32)

B. Filtering

With the state vector and the covariance of each model re-
sulting from interacting stage, Bayesian filtering of each model
is performed. Among several methods, the discrete-time EKF
algorithm, which is applicable to nonlinear systems with dis-
continuous measurements, was adopted in this study [27].

1) Process Update: Based on the process models of lock-up
and slipping state, a priori estimates of the state and covari-
ance of the current step can be obtained. The process update
procedures are as follows:

x̂i
k− = fi

k

(
x̄i

k−1,uk

)
(33)

P̂ i
k− = F i

k P̄ i
k−1

(
F i

k

)T + Q (34)

where fi
k is the discretized result from each continuous process

model, which can be obtained using the Euler approximation
method. F i

k is the Jacobian matrix of fi
k with respect to the state

vector, x.

2) Measurement Update: Applying the measurement yk in
a feedback correction, a posteriori estimates of the state and the
covariance of the current step can be obtained. The measurement
update procedures are as follows:

Ki
k = P̂ i

k−HT
(
HP̂ i

k−HT + R
)−1

(35)

x̂i
k+ = x̂i

k− + Ki
k

(
yk − Hx̂i

k−
)

(36)

P̂ i
k+ =

(
I − Ki

kH
)
P̂ i

k− (37)

where H is the Jacobian matrix of h with respect to the state
vector, x.

Here, even a subtle change in the noise covariance matrices of
Q and R greatly affects the estimation performance, especially
in the transient state. For properly determining Q and R, it
should be noted that a relatively small value of covariance is
used in reliable measurements, while high covariance is used in
uncertain dynamics, e.g., random walk model. In this study, the
values of the covariance matrices were selected as:

Q = diag[1, 1, 0.01, 1, 1, 1, 1,QF [1×8] ] (38)

R = diag[0.001, 0.1, 0.0001, 0.01, 0.01, · · ·
0.00028, 0.00028, 0.00028, 0.00028] (39)

where QF [1×8] are the covariance vectors of tire forces. To
improve the estimation performance in various experimental
cases, a variable value of QF [1×8] was used, depending on the
conditions as follows:

QF [1×8] =

⎧
⎪⎪⎨

⎪⎪⎩

diag[1000[1×4] , 20000[1×4] ], if δf > 0.005

diag[20000[1×8] ], if δf > 0.005 &Tt > 100

diag[20000[1×4] , 1000[1×4] ], else.
(40)

C. Model Probability Updating

Based on the a posteriori estimates of each model resulting
from the filtering stage, a probability update is then conducted.
Assuming that the process noise and the measurement noise of
each model are Gaussian, the likelihood function is as follows:

Γi
k =

exp
(
− 1

2

(
vi

k

)T (
Si

k

)−1
vi

k

)

√∣
∣2πSi

k

∣
∣

(41)

where vi
k and Si

k are the measurement innovation and covariance
terms respectively, defined as:

vi
k = yk − Hx̂i

k− (42)

Si
k = HP̂ i

k−HT + R. (43)

Then, the probability of model i at time k is obtained from:

p̂i
k =

p̄i
kΓi

k∑2
i=1 p̄i

kΓi
k

. (44)

D. Estimation Fusion

By applying the associated probability of each model as
weights, the final mixed state vector and the covariance can
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Fig. 4. Block diagram of real-time AWD vehicle states estimation algorithm.

be obtained as follows:

x̂k =
2∑

i=1

p̂i
k x̂

i
k (45)

P̂k =
2∑

i=1

p̂i
k

[
P̂ i

k +
(
x̂i

k − x̂k

) (
x̂i

k − x̂k

)T
]
. (46)

V. EXPERIMENTAL SETUP

To validate the performance of the suggested estimator, an ex-
periment was conducted using a full-size AWD vehicle. Fig. 1(b)
shows the type of drivetrain used in this experiment. Fig. 4 is a
block diagram of the proposed estimator. The elements of the
CAN signals, i.e., ax, ay , γ, Te , δf , and ω[4×1] , which are used
in the estimator were obtained by bypassing the vehicle’s on-
board diagnostics (OBD)-II channel. The engagement force of
the transfer case was obtained from the pressure sensor, which
is planned to be embedded in the vehicle CAN signal for com-
mercial transfer case product. Wheel force transducer (WFT)
equipment was installed at each wheel to measure the tire force.
Also, telemetric front and rear shaft torque sensors and a vehicle
motion sensor (RT3000) were attached and used only for data
validation. A Dewetron device was used as the data acquisition
system. All data were sampled at 500 Hz. To verify the esti-
mator under various driving scenarios, the vehicle experiment
was performed at the proving ground of the Korea Automotive
Technology Institute. Here, the AWD operation was governed
by the on-board logic of the commercial transfer case. Con-
sidering the ECU-mountability of the proposed algorithm, the
estimator sampling time was set at 5 ms. Table I shows the prin-
cipal parameter values and vehicle specifications that were used
in the estimator.

VI. EXPERIMENTAL RESULTS

A. Transfer Case Clutch Friction Coefficient Adaptation

The first test of the experiment involved longitudinal accel-
eration without steering, and the effect of adaptation was veri-
fied before the tire force estimator was employed. The vehicle
started to accelerate from the stopped state with constant throt-
tle. The adaptation algorithm was coded to run by checking the

TABLE I
VEHICLE SPECIFICATIONS AND TIRE MODELING PARAMETERS

Parameter Value Parameter Value

lf 1.471 m lr 1.539 m
hcg 0.61m 2tw 1.63 m
m 2050 kg Iz 4200 kg·m2

Iw 0.9 kg·m2 Re 0.368 m
Rr 0.015 if 3.916
ir 3.909 C1 60913 N/rad
C2 −81456 N/rad2 KL 108422 N/m
k1 0.85 k2 0.15

Fig. 5. Experimental setup and test environment of AWD vehicle. (a) Exterior
of the test vehicle. (b) Data acquisition devices and sensors. (c) Vehicle test in
a proving ground. (d) Beam roller climbing test.

persistent excitation condition [23] in real-time, which guaran-
teed convergence of the parameter to the real value. Fig. 6 shows
the validation results of the adaptation. Fig. 6(a) shows the adap-
tation results on dry asphalt. With several clutch uncertainties
of different magnitudes, the results approached the real values.
Fig. 6(b) shows the adaptation results on wet asphalt, which
also approached the real values. The adaptation time was longer
on dry asphalt than in the wet asphalt case. Regardless of the
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Fig. 6. Experimental result of clutch friction coefficient adaptation. (a) Dry
asphalt. (b) Wet asphalt.

TABLE II
DESIGN PARAMETERS OF ADAPTATION ALGORITHM

Parameter Value Parameter Value

γα 2 · 10−8 nα 10−10

road condition, the adaptation algorithm notably improved the
accuracy of the clutch friction coefficient. However, the adapta-
tion value did not perfectly converge to the real value because
(15) can be intermittently invalid in experimental situations. Ta-
ble II shows the design parameter values used in the adaptation
algorithm.

B. Acceleration in a Straight Line

Fig. 7 shows the experimental results of tire force estimation
on dry asphalt. The test scenario was the same described in
Section VI-A. Here, the proposed estimator was validated with
the clutch friction coefficient adaptation algorithm embedded.
Fig. 7(g) shows the vehicle inputs. Here, the longitudinal tire
forces between the front and rear wheels were distributed in
proportion to the front and rear vertical loads. Thus, the clutch
was close to the lock-up state, and the probability of the lock-up
model was almost 1. Then, the probability of lock-up model
decreased slightly as the transmission output torque and the
clutch engagement force dropped; the probability of lock-up
model finally approached 0 as the clutch force diminished (see
Fig. 7(e)). Using the clutch friction adaptation algorithm, the
proposed estimator provided results highly correlated with the
measurements (see red dashed lines of Fig. 7(a)–(d)). However,
without the clutch friction coefficient adaptation algorithm, the
lock-up ratio, rl , could not be calculated accurately because the
uncertainty of the clutch friction coefficient was not adequately
compensated for. This led to an improper model probability of
p̂i

k (see Fig. 7(f)). However, the error in the estimated longitu-
dinal tire forces without adaptation was not much different than
that with adaptation because the engagement force was strong
enough to cause the probability of the lock-up model to persist
near 1, regardless of the application of the adapted parameter
value (see black dotted lines of Fig. 7(a)–(d)). Fig. 8 shows the
experimental results on wet asphalt (see Fig. 8(a)–(d)). Fig. 8(g)
shows the vehicle inputs. Similar to the dry asphalt case, the
probability of the lock-up model remained at almost 1 during
the initial engagement, then gradually decreased to 0. How-
ever, the difference in the model probability with and without

Fig. 7. Acceleration on dry asphalt. (a) Front left longitudinal tire force.
(b) Front right longitudinal tire force. (c) Rear left longitudinal tire force.
(d) Rear right longitudinal tire force. (e) Model probability (w/ adaptation).
(f) Model probability (w/o adaptation). (g) Vehicle inputs.

adaptation was greater than for dry asphalt case (see Fig. 8(e)
and (f)). Without the adaptation, the proposed estimator not
only could not properly calculate the probability of each model,
but also yielded inaccurate estimation results, especially when
the AWD was in the slipping state. Therefore, the estimator
with adaptation showed better results than that without adapta-
tion (see t = 12.5 s to 20 s of Fig. 8(a)–(d)). In the wet asphalt
case, there was a range in which the model probability changed
rapidly from lock-up to the slipping state during the engagement
of the clutch (see t = 12.5 s to 14 s of Fig. 8(e)), which was due
to the increase in the relative slip in those ranges (see Fig. 8(h)).

C. Slalom Test

The second part of the experiment was the slalom test. While
the vehicle velocity was maintained at 80 km/h, the transient
steering maneuver was initiated (see Fig. 9(f)). Using the simple
tire model, the proposed estimator showed satisfactory perfor-
mance during the lateral transient response (see Fig. 9(a)–(d))
but minor discrepancies, i.e., underestimation on one side and
overestimation on the other side, stood out at each peak point of
the left and right wheels. Since there was almost no intervention
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Fig. 8. Acceleration on wet asphalt. (a) Front left longitudinal tire force.
(b) Front right longitudinal tire force. (c) Rear left longitudinal tire force.
(d) Rear right longitudinal tire force. (e) Model probability (w/ adaptation).
(f) Model probability (w/o adaptation). (g) Vehicle inputs. (h) Angular velocity
difference between front and rear shaft.

of the transfer case clutch before the steering, the probabil-
ity of the slipping model persisted close to 1. However, with
the engagement of the transfer case clutch from t = 3 s, the
probability of the slipping model declined intermittently (see
Fig. 9(e)). The fluctuating response of the model probability
is due to both variation of engagement force and the relative
slip in the clutch during the slalom test (see Fig. 9(f) and (g)).
However, the model probability is not dominant here because
the dynamic equation for lateral tire force is exactly the same in
both models.

D. Slow Ramp Steer With Acceleration

The third test of the experiment was the slow ramp steer with
acceleration. This scenario was selected for the validation of the
proposed estimator in a case of combined tire force generation.
Here, the vehicle started to accelerate with an initial velocity of
40 km/h and steadily increased the steering angle at the same
time (see Fig. 10(j)). The probability of the lock-up model was
near to 0 before steering and slightly increased due to the weak

Fig. 9. Slalom test @ 80 km/h. (a) Front left lateral tire force. (b) Front right
lateral tire force. (c) Rear left lateral tire force. (d) Rear right lateral tire force.
(e) Model probability. (f) Vehicle inputs. (g) Angular velocity difference between
front and rear shaft.

engagement of the clutch (see Fig. 10(i)). The estimated values
of the lateral tire force at each wheel were slightly different from
the measurements at the initial transient state and at steady state.
The estimated values of longitudinal tire forces had less error
than those for the lateral tire force. Considering the combined
effect of the tire force generation and vertical load transfer,
the proposed estimator showed highly accurate results for both
longitudinal and lateral tire forces (see Fig. 10(a)–(h)).

E. Beam Roller Climbing

The fourth part of the experiment was beam roller climbing,
in which the role of the AWD is greatly anticipated. The vehi-
cle started to accelerate while the rear wheels were driven on a
roller and the front wheels were hung on a beam (see Fig. 5(d)).
Before the vehicle climbed over the beam, the AWD clutch was
in the lock-up state (see Fig. 11(f)). Although the AWD clutch
was fully engaged and controlled, the occurrence of relative
slip was inevitable (see t = 3.3 s of Fig. 11(g)) and most of the
transmission output torque was transferred to the front wheels
because the vehicle was being driven on nonhomogeneous
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Fig. 10. Slow ramp steer with acceleration. (a) Front left longitudinal tire
force. (b) Front right longitudinal tire force. (c) Rear left longitudinal tire force.
(d) Rear right longitudinal tire force. (e) Front left lateral tire force. (f) Front
right lateral tire force. (g) Rear left lateral tire force. (h) Rear right lateral tire
force. (i) Model probability. (j) Vehicle inputs.

surface. Thus, the lock-up model, which was defined to dis-
tribute the transmission output torque according to the pro-
portion of vertical load, was not valid here. Nevertheless, the
proposed IMM filter detected this situation. Then, the model
probability of the slipping states started to increase (see
Fig. 11(e)), eventually reaching 1. As for the longitudinal tire
forces at the front wheels, the IMM filter provided estimation
results showing that most of the traction force was generated
in the front wheels, which matched well with the measurement
data (see Fig. 11(a) and (b)). As for the longitudinal tire forces at
rear wheels, the IMM filter showed estimation results of almost

Fig. 11. Climbing beam roller. (a) Front left longitudinal tire force. (b) Front
right longitudinal tire force. (c) Rear left longitudinal tire force. (d) Rear right
longitudinal tire force. (e) Model probability. (f) Vehicle inputs. (g) Angular
velocity difference between front and rear shaft.

no traction force because the rear wheels were being driven on a
slippery road; this result also agreed well with the measurement
data (see Fig. 11(c) and (d)). However, at the early stage of
traction force generation i.e., t = 3 s, the IMM filter could not
estimate the traction force well because the probability change
occurred at approximately t = 4.3 s. The black dotted line (see
Fig. 11(a)–(d)) shows the tire force estimation results for the SM
filter with the lock-up constraint; this SM could not be used to
estimate the tire force accurately because it detected the current
situation as the lock-up state.

VII. CONCLUSION

This paper proposed a method for the estimation individ-
ual tire force, especially for the AWD vehicle. To improve the
estimation performance, the AWD clutch friction coefficient
was adapted by using a wheel dynamics model. Also, a vehicle
sideslip angle observer that is robust to sensor noise was adopted
independently in consideration of the ECU-mountability. Then,
the IMM filter algorithm, which simultaneously considers both
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the clutch slipping and lock-up states based on the stochastic
process in the filtering was adopted by integrating the informa-
tion on the preliminary estimator and the vehicle CAN data.
The experimental results validated that the proposed method
performed better than that did the SM Kalman filter, under var-
ious driving conditions. Specifically, the adaptation algorithm
improved the accuracy of individual tire force, especially on wet
asphalt. Also, the proposed estimator was able to support the ac-
curate estimation of tire force on a road with a nonhomogeneous
friction coefficient without causing estimator instability or se-
vere chattering by the switching of model dynamics. Having the
strength to operate using only in-vehicle sensors, the proposed
estimation algorithm is expected to be applied to a real-time
AWD system controller, and ultimately to the vehicle dynamics
control area for the logic development of an integrated chassis
controller.
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